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 Abstract 
 
Different studies have repeatedly demonstrated that chemical mixtures might have a significant 
toxicity, even if all individual chemicals are present at low concentrations that, alone, do not lead to 
significant toxicity. The impairment of ecosystem functions and services has been shown to appear 
from mixture exposure rather than from individual compounds. 
This thesis is concerned with the relevance of mixture effects from unintentional mixtures in the 
aquatic environment and the ecological risk assessments and risk management within EU that 
should address such risks. The aim was to investigate to what extent the mixture effect of 
propiconazole (a pesticide and biocide) and resorcinol (a cosmetic ingredient and active ingredient 
in human medicines), which both enter the aquatic environment, pose a risk beyond that of the 
individual chemicals, and how mixture effects from such unintentional mixtures are assessed and 
managed within EU. 
We conducted ‘Daphnia sp., acute immobilisation’ tests for the chemicals, individually, and in 
three binary mixtures based on isoeffective concentrations (100:0, 75:25, 50:50, 25:75, 0:100). We 
subsequently conducted an analysis of the relevant EU legislations: REACH, the Water Framework 
Directive, the Biocide regulation, the Plant protection products regulation, the Human medicine 
directive and the Cosmetic regulation, to investigate if and how they deal with mixture effects in 
relation to resorcinol and propiconazole. This analysis was followed by a discussion of which 
challenges that exist in regard to the risk assessment and risk management of mixtures across 
different legislations, and which tools/options exist in order to deal with these challenges.   
Our results demonstrated that the mixture effect deviated from the effects from the individual 
chemicals with a worst case being an underestimation of the EC50 value up to 5.8-fold for 
resorcinol. We identified no legislations which deal with unintentional mixtures such as resorcinol 
and propiconazole and their effects in the aquatic environment. Since the mixture effect was present 
and a risk above single toxicity levels was demonstrated, it was concluded that mixtures across 
legislations in general must be both assessed and managed. 
 Resumé 
Forskellige undersøgelser har gentagne gange vist, at kemiske blandinger kan have en signifikant 
toksicitet, selv om alle individuelle kemikalier er til stede i lave koncentrationer, som alene ikke 
fører til signifikant toksicitet. Forringelse af økosystem funktioner og ’services’ har vist sig at 
forekomme fra kemiske blandinger frem for fra individuelle kemikalier. 
Dette speciale omhandler relevansen af blandingseffekter fra utilsigtede kemiske blandinger i 
vandmiljøet og de miljømæssige risikovurderinger og -styringer inden for EU som skal håndtere 
sådanne risici. Formålet var at undersøge, i hvilket omfang blandingseffekten af propiconazol (et 
pesticid og biocid) og resorcinol (en kosmetisk ingrediens og et aktivt stof i medicin), som begge 
ender i vandmiljøet, udgør en større risiko end den fra de individuelle kemikalier, og hvordan 
sådanne blandingseffekter risikovurderes og -styres inden for EU. 
Vi udførte 'Daphnia sp., akut immobiliseringstest’ for de to kemikalier, individuelt, og i tre binære 
blandinger baseret på isoeffective koncentrationer (100:0, 75:25, 50:50, 25:75, 0:100). 
Efterfølgende udførte vi en analyse af de relevante EU-lovgivninger: REACH, 
Vandrammedirektivet, Biocid reguleringen, Plantebeskyttelsesmiddel reguleringen, Lægemiddel 
direktivet og Kosmetiske reguleringen, for at undersøge om og hvordan de beskæftiger sig med 
blandingseffekter i relation til resorcinol og propiconazol. Denne analyse blev efterfulgt af en 
diskussion af, hvilke udfordringer der eksisterer i forbindelse med risikovurdering og -styring af 
kemiske blandinger på tværs af forskellige lovgivninger, og hvilke værktøjer/muligheder der findes 
som kan håndtere disse udfordringer. 
Vores resultater påviste at blandingseffekten afveg fra effekterne af de individuelle kemikalier med 
en undervurdering af EC50 værdien for resorcinol på 5,8 gange i værste fald. Vi identificerede ingen 
lovgivninger, der beskæftiger sig med utilsigtede kemiske blandinger som resorcinol og 
propiconazol samt deres effekter i vandmiljøet. Da blandingseffekten var til stede og en risiko større 
end den observerede fra eksponeringer med resorcinol alene blev påvist, blev det konkludereret at 
kemiske blandinger på tværs af lovgivninger generelt skal både risikovurderes og -styres. 
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Abbreviations,,
AF Assessment factor 
ANOVA Analysis Of Variance 
CA Concentration Addition 
CI Confidence Interval 
EC50  Effect concentration where 50 % of the organisms tested show the effect 
ECETOC European Centre for Ecotoxicology and Toxicology Of Chemicals 
ECHA  European Chemicals Agency 
EPA Environmental Protection Agency 
EQS Environmental Quality Standards  
EU  European Union 
IA Independent Action  
LC50  Lethal Effect Concentration where 50 % of the organisms tested dies 
LOEC  Lowest Observed Effect Concentration 
MAF Mixture Assessment Factor 
MEC Measured Environmental Concentration 
MoA Mode of Action 
NOEC  No Observed Effect Concentration 
OECD  Organization for Economic Co-operation and Development 
PEC  Predicted Environmental Concentration 
PNEC  Predicted No Effect Concentration 
REACH Registration, Evaluation, Authorisation & Restriction of Chemicals 
RQ Risk Quotient 
RSE Residual Standard Error 
SCCS Scientific Committee for Consumer Safety 
SCHER Scientific Committee on Health and Environmental Risks 
SCENIHR Scientific Committee on Emerging and Newly Identified Health Risks 
WFD Water Framework Directive 
WHO World Health Organization 
Definitions,
The term ‘dose-response’ is used in this thesis as a synonym for concentration-response. 
The term ‘chemical’ covers substances, compounds, components and chemicals. 
 
 
 
1 
Introduction  
Humanity has benefited greatly from manmade chemical use and the latest decades have shown an 
enhancement in the synthesis, manufacture and use of chemicals worldwide, see Figure 1, where it 
is illustrated that the production of chemicals within EU has increased with around 60 percent from 
year 1990 until 2012 (Backhaus et al., 2012; Kienzler et al., 2014; The European Chemical Industry 
Council, 2014).  
 
Figure 1 shows the enhancement in chemical production within EU. The y-axis represents a production index where the year 
1990 is sat to equal 100 while the x-axis represents the years from 1990 until 2012. Modified graph from (The European 
Chemical Industry Council, 2014). 
As a consequence of this humans and the environment are continuously exposed to great numbers 
of chemicals at the same time or sequentially via numerous exposure routes (Kienzler et al., 2014, p. 
1). That is, exposures of combinations of many chemicals from different sources. The term ‘chemical 
mixture’ refers to such a combined exposure to numerous chemicals, and the term is covering any set of 
numerous chemicals, regardless of their source, that may contribute to joint toxicity in a target 
population (Kienzler et al., 2014, p. 12). Chemicals are able to interact with each other and cause 
additive, antagonistic or synergistic effects (Nørgaard & Cedergreen, 2010, p. 957; The Danish 
EPA, 2015e).  
Chemical pollution has been proposed as one of the five main pressures that reduces global 
biodiversity with the other pressures being unsustainable use and overexploitation of resources, 
habitat loss, invasive species and climate change (Backhaus et al., 2012, p. 575). In different studies 
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it has been repeatedly demonstrated that mixtures might have a significant toxicity, even if all 
individual chemicals are present at low concentrations that alone do not lead to significant toxicity, 
and the impairment of ecosystem functions and services has been shown to appear from mixture 
exposure rather than from individual compounds (Altenburger & Greco, 2009, p. 64; Altenburger et 
al., 2013, p. 35; Backhaus et al., 2008, pp. 258–259; Kortenkamp et al., 2007, p. 106; Orton et al., 
2014, p. 201).  
In order to protect humans and the environment against harmful effects from chemicals, different 
EU legislations have been developed. Traditionally, the regulation of chemicals in EU has been 
based on risk assessments of the effects of individual chemicals on human and environmental 
health, and there are no generally applicable guidelines as to when assessment of mixtures of 
chemicals should be carried out (ECHA, 2003, p. 10; SCHER et al., 2012, p. 8). Even though risk 
assessments carried out on individual chemical exposures allow us to obtain essential knowledge 
about single chemicals under carefully controlled conditions, they do not reflect actual real world 
exposures (Meadows et al., 2002, p. 979). Thus the traditional way of doing risk assessment is only 
defensible if the exposure to mixtures does not result in increased toxicity (Kortenkamp et al., 2009, 
p. 5).  
All industrial chemicals are to be regulated under the European chemical regulation REACH: 
‘Registration, Evaluation, Authorisation and Restriction of Chemicals’ (European Commission, 
2013). However REACH is based on a single substance – single registration principle and does 
therefore in general not apply to mixtures (ECHA, 2015g; Kienzler et al., 2014, p. 26). Moreover 
approximately 100,000 industrial chemicals are estimated to be on the market within EU and 
currently REACH has only registered 13,052 of them (ECHA, 2015g; European Commission, 2001, 
p. 4). Finally REACH is only dealing with the chemicals that are produced and imported within EU 
in ≥ 1 tonnage per year (ECHA, 2015g).  
Beside from REACH different legislations covering specific groups of chemicals, e.g. biocides, 
pesticides, cosmetics or humane medicines exist (European Commission, 2015a). Some of these 
legislations deal with intentional mixtures within their own scope, however if different chemicals in 
a mixture is regulated under different parts of the EU legislations, there is “no integrated and 
coordinated assessment across legislation acts” – translated quote from European Commission 
(2012b, p. 8) and thus no management of unintentional mixtures across legislations.  
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Finally in order to protect aquatic ecosystems and thereby aquatic ecosystem services the EU 
legislation: ‘The Water Framework Directive’ (WFD) was adopted in year 2000 (European 
Commission, 2015c). The aim of the WFD is to ensure good ecological status for ground and 
surface waters. Concerning the biotic part of the ecosystems, ecological status deals with 
’composition and abundance of flora and fauna’ (European Union, 2000, n. article 4.1). Many of the 
synthetic chemicals find their way into the aquatic environment through wastewater or via pesticide 
use and this result in multiple unintentional chemical mixtures. The WFD recognises that mixtures 
are present in the aquatic environment but does currently not take any kinds of mixtures into 
account (European Communities, 2011, p. 26).  
This thesis is concerned with the relevance of mixture effects from unintentional mixtures in the 
aquatic environment for ecological risk assessments and risk management within EU. A pesticide 
and biocide; propiconazole, and a cosmetic ingredient and an active ingredient in human medicines; 
resorcinol, which both enter the aquatic environment via use and disposal, have been chosen to 
illustrate this relevance.  
Problem formulation 
To what extent do the mixture effect of propiconazole and resorcinol pose a risk beyond that of the 
individual substances, and how are such mixtures effects assessed and managed within EU? 
- Investigated with Daphnia magna as a model organism  
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Structure & approach 
The thesis is divided into two parts where part 1 deal with the experimental ecotoxicological based 
analysis and part 2 deals with the regulatory based analysis. This structure allowed us to conduct an 
assessment of our results from the experiments in relation to our problem area and thus answer the 
first part of the problem formulation, and then use these results as a foundation for the analysis and 
assessment of the EU regulation to answer the last part of the problem formulation.  
More specific the answer to the problem formulation was found by conducting acute ‘Daphnia sp., 
acute immobilisation tests for the chemicals individually and in combinations of 50:50, 25:75 and 
75:25 isoeffective mixture ratios to investigate whether the mixtures had synergistic, additive or 
antagonistic effects and whether the mixtures posed a risk beyond that of the individual chemicals. 
On the background of these results the EU regulations REACH, the WFD, the Biocide regulation, 
the Plant protection products regulation, the Human medicine directive and the Cosmetic regulation 
were analysed in order to investigate if and how they are dealing with mixture effects in relation to 
resorcinol and propiconazole. This analysis was followed by a discussion of which challenges that 
exist in regard to the risk assessment and regulation of unintentional mixtures across these different 
legislations, and which tools/options exist in order to deal with these challenges.   
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Part 1 
This part accounts for the acute immobilisation tests done on Daphnia magna for the chemicals 
individually and in combinations of 50:50, 25:75 and 75:25 isoeffective mixture ratios. The aim of 
this part was to investigate whether the mixtures had synergistic, additive or antagonistic effects and 
whether the mixtures pose a risk beyond that of the individual chemicals.  
Theory 
The theory contains an introduction to dose-response curves, mixtures, mixture effects and accounts 
for models/approaches used in this study to estimate the mixture effects. The models are 
Concentration addition (CA), Independent action (IA) and Hewlett. The approaches are the Isobole 
method and the use of response surface models in determining deviations from additivity. Finally an 
introduction to the experimental organism, Daphnia magna, used in the study finishes the theory. 
Dose-response curves 
Ecotoxicology is dealing with the investigation of harmful effects of chemicals on ecosystems and 
their constituents (Newmann, 2010, p. 17). In order to do these investigations different approaches 
have been developed and the use of dose-response models is one of them (Newmann, 2010, p. 250). 
Dose-response models are mathematical models which are used to describe the relationship between 
dose and response for a specific scientific dataset and dose-response models are a key element in 
ecotoxicity testing (Newmann, 2010, p. 214; WHO, 2009, p. 25).  
The dose-response approach is followed by conducting an experiment with at least three replicates 
of different treatments with one or more chemical in different concentrations including a control 
treatment that is not exposed to the chemical/chemicals. The replicates allow estimation of variation 
within each treatment. The organisms are randomly allocated into the different treatments. The 
observations regarding the predetermined endpoint e.g. immobilisation is noted in each treatment 
and replicate after a certain time (for acute tests usually after 24 and/or 48 hours). The proportion 
responding paired with their exposure concentrations yield paired data which is used to make the 
dose-response curve (Newmann, 2010, p. 250).  
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Fitting dose-response curves 
Classic dose-response relationships are characterized by their sigmoidal shape and can be described 
by non-linear dose-response models which has an almost linear shape around the middle section of 
the curve while the upper and lower ends of the curve approach 100 % and 0 % asymptotically, 
respectively, see Figure 2 (Connell et al., 2009, p. 104; Seefeldt et al., 1995, p. 219). These models 
are based on the Threshold hypothesis, which states that a number of exposures from 0 to some 
limited value can be tolerated by the organism. That is, below a certain concentration (the 
threshold) no probability of a harmful effect is expected. The threshold of toxicity is then where the 
toxic effects, or signs of it, starts to occur (US EPA, 2012).  
 
Figure 2 shows a classic sigmoid shaped dose-response curve. The x-axis represents the log transformed concentration and 
the y-axis represents the organismal respond in percent. The EC50/LC50 is illustrated on the graph.  
One of these dose-response models are the log-logistic function (OECD, 2012, p. 10; Sørensen et 
al., 2007, p. 385). The log-logistic function is expressed mathematically by: 
𝑓(𝑥) = 𝑐 + (𝑑−𝑐)1+𝑒𝑥𝑝[𝑏(log(𝑥)−log⁡(𝐼50)))]           (6) 
Where f(x) equals the response, x equals the logarithmic dose, c equals the lower limit, d equals the 
upper limit, I50 equals the effect concentration at 50 % (EC50) and b equals the slope around the 
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EC50 value (Seefeldt et al., 1995, p. 219; Sørensen et al., 2007, p. 386). In order to fit data to such a 
model you will have to decide which parameters to fit (if any) and which parameters to constrain. 
Often it will make good biological sense to fix the bottom and/or top value if there is a natural value 
for each that they will initiate at/reach or cannot go below/beyond (Motulsky & Christopoulos, 
2003, p. 16). If a parameter is fixed, it can be left out of the formular. For instance if the lower limit 
becomes fixed then equation (6) turns into equation (7): 
𝑓(𝑥) = 𝑑1+𝑒𝑥𝑝[𝑏(log(𝑥)−log⁡(𝐼50)))]     (7) 
The data points in the middle section (within the blue rectangle, see Figure 2, of the non-linear 
dose-response curve are least affected by variations while data points in the asymptotic regions are 
most sensitive and thus result in an error in the estimation of the related concentration. Therefore 
the toxic potency of a chemical is normally expressed using EC50 or LC50 values, defined as the 
concentration where 50 % of the organisms are affected (e.g. immobilised) or dead, respectively 
(Connell et al., 2009, p. 104).   
A great advantage of dose-response models is the ability to estimate risks within the observable 
range of effects (WHO, 2009, p. 45). However when working with models it is important to 
remember that any parameters or predictions estimated by use of this model, are only point 
estimates and thus always more or less, uncertain (WHO, 2009, p. 65). Therefore the chosen model 
should always be evaluated in order to assess whether the model has succeeded in describing the 
experimental responses and whether the model is reliable in order to describe the non-observed 
responses, and thus draw conclusions based on observed responses that also accounts for the non-
observed responses. The model fit can be evaluated by visually inspecting it and/or compare the 
outcomes from different models in order to find the model that describes the data best (WHO, 2009, 
p. 67).  
Dose-response models are often used to model single toxicity data, but can also be used to mixture 
toxicity data.  
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Chemical mixtures 
In general chemical mixtures can be divided into three groups, see Table 1. 
Table 1: The categories in which mixtures are normally divided into (Kienzler et al., 2014, p. 1). 
Intentional 
mixtures 
Manufactured intentionally and therefore have a known composition. 
Examples could be pesticide mixtures or personal care products. 
Generated 
mixtures 
Contain additional compounds from by-product processes as for instance fuel 
combustion or drinking water disinfection. Normally these mixtures originate 
from one source. 
Unintentional 
mixtures 
Made up of unrelated chemicals from different sources, but which have the 
potential to reach the same target via their presence/migration into same medium 
or pathways 
 
In addition mixtures are also divided into simple and complex ones based on their composition. A 
simple mixture is made up of relatively few chemicals, like ten or fewer, and the composition is 
quantitatively and qualitatively known, like pesticide cocktails or medicine combinations. A 
complex mixture is then made up of tens to thousands of chemicals where the quantity and quality 
are not fully known, like in drinking water or welding fumes (Kienzler et al., 2014, p. 1).  
Mixture effects can appear in different ways. In general they are divided into three different kinds 
of effects: 
1. Additive effects:  
The amount of the individual risk for each substance is added up when the substances are 
mixed and it is assumed that there is no interaction between the substances (Kortenkamp & 
Altenburger, 1998, p. 64; The Danish EPA, 2015e). For instance if two single substances 
have a risk of 1 each they will have a risk of 2 in the mixture exposure (1+1=2). Recent 
studies suggest that it is primarily the additive effects that dominate regarding mixture 
effects in general (The Danish EPA, 2015e). 
2. Antagonistic effects:  
The substances reduce or cancel each other’s effects. Thus if the effect is antagonistic the 
risk will be lower than if the effect was additive (2+2=3) or (2+2=1) (The Danish EPA, 
2015e). 
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3. Synergistic effects:  
The substances reinforce each other’s effects. Thus the risk from the mixture is higher than 
expected if the effect was additive. The risk is therefore also higher in the mixture than if the 
exposure happened with one chemical at the time (2+2=5) (The Danish EPA, 2015e). The 
term ‘synergy’ refers to the fact that the presence of one chemical increases the effect of the 
other, either by stimulating uptake, increasing activity, or hindering inactivation 
(Cedergreen & Streibig, 2005, p. 1676). 
Typically deviations from additivity, (synergism or antagonism), are observed in simple mixtures 
compared to complex mixtures (Altenburger et al., 2013, p. 41; Belden et al., 2007, pp. 368–369; 
Kortenkamp et al., 2009, p. 8). This is thought to be because that when the number of chemicals in 
a mixture increases, the concentration of each chemical is reduced. Compared to complex mixtures, 
simple mixtures have a higher proportion of each individual interactions occurring since the 
concentration of each chemical in the simple mixture is higher and thus causes fewer different 
interactions. Because there are fewer different interactions in the simple mixtures, the chance of one 
individual interaction canceling the contribution of another individual interaction decreases (Warne 
& Hawker, 1995, p. 23). In other words the different individual interactions in the simple mixtures 
are expected to become more dominant, since their relative influence on the total toxicity increases, 
compared to the different individual interactions in the complex mixtures (Syberg et al., 2009, p. 
1259). Thus it can be argued that simple mixtures such as binary mixtures may be “worst case” 
scenarios in relation to interaction effects. 
In order to estimate the toxicity of a binary mixture, toxicity data from the single substances in the 
mixture can be used together with the models: CA (Loewe & Muischnek, 1926) and/or (IA) (Bliss, 
1939) (Kienzler et al., 2014, p. 3; Ragas et al., 2011, p. 161). That is, if it can be assumed that the 
interaction of the components are additive (Bosgra et al., 2009, p. 418). 
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Concentration addition & Independent action  
In order to use CA or IA mode of action (MoA) of the different chemicals in the mixture has to be 
known. The models assume that either the substances act independently (IA) or additively (CA) on 
each other.  
The assumption is based on the MoA of the chemicals and both models assume that the chemicals 
will not affect each other’s toxicity via interaction at a biological target site (Kienzler et al., 2014, 
pp. 3, 17).  
A MoA is defined as a “Biologically plausible sequence of key events leading to an observed effect 
supported by robust experimental observations and mechanistic data. It refers to the major steps 
leading to an adverse health effect following interaction of the compound with biological targets, it 
does not imply full understanding of mechanism of action at the molecular level” – quote from 
Kienzler et al. (2014, p. 113).  
Independent action  
IA for binary mixtures is mathematically described by:  
𝐸(𝑐1,2) = 𝐸(𝑐1) + 𝐸(𝑐2) − 𝐸(𝑐1) ∗ 𝐸(𝑐2)       (1) 
where E is the effect of a given concentration and ci is the concentration of chemical ‘i’ in the 
mixture (Altenburger et al., 2013, p. 39). Thus the effect of chemical 1 and 2 is the sum of their 
individual effects, taken into account that if the effect of one chemical applied singly is 0 it will not 
contribute to the mixture effect either.  
IA models consider a combined effect as a result of statistically independent random events and 
they expect no risk if exposure concentrations are below no-observed-effect-concentration (NOEC) 
levels (Kienzler et al., 2014, p. 7).  
Concentration addition  
CA for binary mixtures is mathematically described by: 
𝑐𝐴
𝐶𝐴
+ 𝑐𝐵𝐶𝐵 = 1          (2) 
CA and CB are the isoeffective concentrations of A and B from individual toxicity test while cA and 
cB are the concentrations of the chemicals in a mixture of A and B that causes the same effect as A 
and B separately in the individual tests (Berenbaum, 1989, p. 110; Kortenkamp & Altenburger, 
1998, p. 64). Isoeffective concentrations are concentrations of different chemicals that will result in 
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an equal effect. Thus for isoeffective concentrations of two chemicals, A and B, the concentration 
of chemical A and the concentration of chemical B may be exchanged for one another and still yield 
the same effect (Bosgra et al., 2009, p. 420).  
For chemicals with the same MoA, the common assumption is that the effect from a mixture of 
these can be predicted by CA (Bosgra et al., 2009, p. 418). Opposite of IA, CA models assume that 
chemicals irrespective of their concentrations will contribute to toxicity, also even if the chemicals 
are present below NOECs (Ecetoc, 2011, p. 8). CA models are more often used than IA because 
they have shown for most applications to provide reliable estimates and be more conservative than 
IA models (Altenburger & Greco, 2009, p. 66; Kienzler et al., 2014, n. Summary).  
Chemical mixtures that behave otherwise than what can be predicted from common reference 
models, usually CA or IA, and thus deviate from additivity, are important and interesting. They 
might show antagonistic or synergistic effects and especially the synergistic effects are of concern 
(Sørensen et al., 2007, p. 384). One way to determine such deviations is to conduct experiments 
based on the isobole method (Berenbaum, 1989) (Syberg et al., 2008, p. 428). 
 12 
The isobole method 
The isobole method is derived from CA and is used by constructing graphs illustrating curves with 
the same specified effect (e.g. EC50) of different combinations of two chemicals (A and B). These 
curves are referred to as isoboles (Kortenkamp & Altenburger, 1998, p. 63). The method assumes 
that any concentrations of B can be exchanged by a correspondingly effective concentration of A. 
Thus in order to predict the effect for a combined concentration of A and B (cA,cB), the assumption is 
that the concentration cB of B may be exchanged by an isoeffective concentration cA of A. The curves 
on Figure 3, illustrate does-response relationships for the two chemicals (A and B) individually, and 
when mixed (A+B). The dotted linear line connecting the isoeffective concentrations (A and B) 
predicts the concentration of the mixture (A+B) which will yield the same effect, if we assume that 
A and B are additive and thereby do not interact (Kortenkamp & Altenburger, 1998, p. 64).  
 
Figure 3 modified from (Kortenkamp & Altenburger, 1998, p. 64) shows hypothetical concentration-response curves for 
chemical A and B, and an isoeffective mixture of A and B. On the y-axis effect in arbitrary units are shown whereas on the x-
axis concentration in arbitrary units are shown. The dotted curves illustrate dose-response curves for A and B, respectively, 
while the non-dotted line illustrates the dose-response curve for the mixture of A and B. An effect of 50 is yielded by 10 
arbitrary concentration units of A or 100 concentration units of B. The combination A+B yields this effect at 5 concentration 
units where 2.5 concentration units are from A and 2.5 concentration units are from B. Note that the curves for the single 
chemicals are not similar. 
The relationship between two chemicals that are additive can be expressed graphically on Figure 4 
where the additive isobole appears as a straight line parallel to the concentration axis of B and 
mathematically by CA, see equation (2). If reduced concentrations of A, when B is present in the 
mixture (cA and cB), are enough to produce an equal predetermined effect from the additivity 
isobole, data points beneath the area of the additive isobole are made which creates a synergistic 
isobole instead, see Figure 4. If this is the case, the effect of the mixture exceeds expectation from 
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additivity and equation (2) turns into (3) (Berenbaum, 1989, p. 110; Kortenkamp & Altenburger, 
1998, p. 64): 
𝑐𝐴
𝐶𝐴
+ 𝑐𝐵𝐶𝐵 < 1          (3) 
If increased concentrations of A, when B is present in the mixture (cA and cB), are needed in order 
to produce an equal predetermined effect determined from the additivity isobole, data points above 
the additive isobole are made which creates an antagonistic isobole instead, see Figure 4, and then 
equation (2) turns into (4) (Berenbaum, 1989, p. 110; Kortenkamp & Altenburger, 1998, p. 64): 
𝑐𝐴
𝐶𝐴
+ 𝑐𝐵𝐶𝐵 > 1          (4) 
 
Figure 4 modified from (Kortenkamp & Altenburger, 1998, p. 65) illustrates the three kinds of mixture effects for a 
hypothetical mixture of chemical A and a chemical B. On the y-axis the concentrations of A in arbitrary units are shown. On 
the x-axis the concentrations of B in arbitrary units are shown. The horizontal line represents the additive isobole, whereas 
the dotted lines represent the synergistic and antagonistic isobole, respectively. If there is no interaction between A and B, the 
isobole appears as a straight line parallel to the concentration axis of B. If there is a synergistic interaction between A and B 
an isobole opposing towards the concentration axis of B shows. If there is an antagonism interaction, the isobole diverges 
away from the concentration axis of B. 
One of the strengths of the isobole method is that it can be used to analyse mixtures, regardless of 
the shape of their dose-response curves. Thus it is possible to assess mixtures of chemicals with 
dissimilar dose-response curves, also when the maximal effects are not the same (Kortenkamp & 
Altenburger, 1998, p. 65). The isobole method has some weaknesses too though. The method used 
in the creation of an isobologram usually does not take data variability into account and because it 
is a graphical method, isobolograms are limited to the study of combinations of two or maximum 
three chemicals at a time (Meadows et al., 2002, p. 979). Another disadvantage with the method in 
regard to the isobologram is that it is hard to assess whether the isoboles are statistically different 
from the additivity isobole (Sørensen et al., 2007).  
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Since synergistic and antagonistic effects are often defined as deviations from additivity, it is 
important to be able to test whether an observed deviation from additivity is a true deviation or 
whether the deviation is caused by random variation (Sørensen et al., 2007, p. 383). 
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Mixture modelling - Deviations from additivity 
Sørensen et al., (2007) suggest the use of a non-linear dose-response model used on a standard ray 
design for binary mixture experiments together with an isobole model that estimates possible 
deviations from additivity. This approach permits a test in order to determine which isobole model 
fits the data and thus also whether the hypothesis of additivity (CA) holds true. 
The ray design also called fixed-ratio design is used by conducting classical dose-response 
experiments for each of two chemicals separately and for various mixture ratios e.g. 75:25%, 
50:50% and 25:75%. For simplicity we sometimes also talk about the chemicals alone as mixtures 
(corresponding to mixture ratios 100:0% and 0:100%) (Sørensen et al., 2007, p. 386). This design is 
characterized by holding the concentration ratio of the mixture constant while making a classical 
dose-response curve of the total mixture. This curve can then be analysed just like the dose-
response curves for the single chemicals (Jonker et al., 2011, p. 132). 
There are two different statistical approaches to assess deviations from CA.  
The first approach assesses whether the detected observation effect/curve varies from the predicted 
effect/curve. Often this is done without incorporating the experimental variation thus significant 
differences cannot be distinguished from deviations due to random variation. But even if 
experimental variation is taken into account via e.g. confidence bands there are disadvantages.  
The tests or confidence bands are point-wise meaning that each mixture, and sometimes each 
observation, is assessed one at a time. That is, step by step asking how this specific mixture or 
observation point fits with CA. These tests are thus rather weak and the approach may yield various 
conclusions and dissimilar measures of the interaction. In addition, if several concentration 
combinations are compared to CA one at a time, the statistical problem of multiple tests arises 
(Sørensen et al., 2007, pp. 384–385).  
However models that deal with and describe possible interactions are developed.  These models are 
usually termed response surface model. Response surface models describe the possible interactions 
of deviations from the reference model. Basically a functional relationship between dose-response 
relationships for the single dose-response curves and the mixture dose-response curves, based on 
the different concentrations needed to obtain the same effect e.g. EC50, are made. The models 
contain one or more parameters that determine the degree of interaction. Thus tests for interaction 
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are done on these parameters, and they can be used as summary measures of the interaction 
(Sørensen et al., 2007, p. 385).  
One response surface model is the Hewlett model for non-additive joint action proposed by Hewlett 
(1969). A dose combination (cA, cB) is on the Hewlett isobole if: 
(𝑐𝐴𝐶𝐴
1
λ) + (𝑐𝐵C𝐵
1
λ) = 1      (5) 
The parameters in this model are the same as in CA, see equation (2), but extended with an extra 
parameter in the form of λ, which is an interaction parameter. If λ=1, then (5) reduces to (2) and 
thereby additivity. For other positive values, λ indicates the degree of deviation from CA. Values 
lower than 1 relates to antagonism where values higher than 1 relate to synergism. In Figure 5 the 
model is shown with the straight line, equivalent to additivity and CA (λ = 1), synergism (λ = 1.4) 
and antagonism (λ = 0.5) respectively (Sørensen et al., 2007, p. 387).  
 
Figure 5 shows the Hewlett isobole model. The x-axis represents increasing concentrations of chemical 1 while the y-axis 
represents increasing concentrations of chemical 2. The straight line relates to additivity and CA (λ = 1), the dashed curves 
relate to antagonism (λ = 0.5) and synergism (λ = 1.4), respectively (Sørensen et al., 2007, p. 387) 
Sørensen et al., (2007) recommends that if neither the CA nor the Hewlett model fits the data 
significantly one should in general use the simplest model. This is also in line with the statistical 
principle that states that “when you have two competing theories that make exactly the same 
predictions, the simpler one is the better" quote from (Gibbs & Hiroshi, 1997). 
In ecotoxicology three typical trophic levels (algae, crustaceans and fish) have been selected to 
represent the aquatic environment and in combination with toxicity tests used to measure/predict the 
‘real’ effects on the aquatic living organisms (European Environmental Agency, 2000, p. 60; Wei et 
al., 2006, p. 385).  
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Experimental animal 
The water flea Daphnia magna, see Figure 6, are commonly used in aquatic environmental toxicity 
testing as a representative for the crustaceans (Kast-Hutcheson et al., 2001; Nørgaard & 
Cedergreen, 2010; Soetaert et al., 2006; Kristian Syberg et al., 2008; Tatarazako & Oda, 2007, p. 
198).      
 
Ecological relevance 
Daphnia is an important ecological species since they suppress the lower trophic levels and feed the 
upper trophic level in their food web. They serve as food for the fish and other invertebrate 
predators and control the levels of algae by feeding on them and thereby secure a high water quality 
(Tatarazako & Oda, 2007, pp. 197–198). Daphnia are being used as model organisms in 
ecotoxicological risk assessment because of their short life cycle, they are easy to handle in the 
laboratory due to their size, prolific, have a short lifetime and are very sensitive to chemicals 
(Tatarazako & Oda, 2007, p. 198). 
Habitat & morphology     
Daphnia are freshwater invertebrates and can be found in almost any water bodies. They have a 
length of 1 mm to 5 mm, but the males are normally smaller than the females (Ebert, 2005, Chapter 
2; OECD, 2005, p. 39; Tatarazako & Oda, 2007, p. 197). Daphnia are characterised by leaf-like 
legs, a large compound eye and two pairs of highly branched antennae, which is used to 
locomotion. When moving its legs it generates water currents, which lead protozoa, algae, bacteria 
and organic detritus to its mouth (Tatarazako & Oda, 2007, p. 197).  
Life cycle 
The daphnia reproduce by parthenogenesis (asexually), which results in genetically identical female 
offspring. The neonates (juveniles) stay in the brood chamber in approximately three days before 
Figure 6 shows a 
female daphnia magna 
from our own culture. 
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they hatch and they are sexually mature after 5-10 days after which they produce a clutch of eggs 
every three-fourth day (Ebert, 2005, Chapter 2; Tatarazako & Oda, 2007, p. 197). The population of 
daphnids consists almost only of females as long as there are plenty of resources. Daphnids can live 
for approximately two months. Environmental factors/stress such as a short day length, food 
depletion, chemical exposure, high population density and temperature can switch their mode of 
reproduction to sexual reproduction, and males are then reproduced along with females (Ebert, 
2005, Chapter 2; OECD, 2012, p. 24; Tatarazako & Oda, 2007, p. 197). When the females are 
fertilised they produce resting eggs called ephippia which can resist the environmental 
changes/stress such as decreasing temperature until the environmental conditions favour the 
daphnids again (Ebert, 2005, Chapter 2; Tatarazako & Oda, 2007, p. 197). The resting eggs contain 
only females which begin to reproduce asexually when hatching is triggered from external changes, 
for example rise in temperature and increased daylight (Ebert, 2005, Chapter 2). 
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Method 
Principle of test 
This study was conducted to evaluate the toxicity of propiconazole and resorcinol in mixture ratios 
of 100:0, 75:25, 50:50, 25:75 and 0:100 (propiconazole:resorcinol) based on isoeffective 
concentrations. The experiments were made in accordance with the ‘Daphnia sp., acute 
immobilisation test (OECD, 2004). The protocol refers to an exposure test of 48 hours of less than 
24 hours old daphnia in M7 medium. The test permits an assessment on the immobility of the 
daphnids and thus an estimate of an EC50 value (OECD, 2004).  
Daphnia magna culture 
Daphnids were collected from Copenhagen University and our own culture was then breed in a 
climate chamber at Roskilde University at a temperature of 20 ± 2°C under a light/dark photoperiod 
cycle of 16/8. The daphnia was acclimated over a two weeks period and held in the test medium 
Elendt M7.  
After acclimatization the culture was maintained in 12 glass beakers of approximately 1 litre each 
with 12 daphnia in each beaker. The daphnia was sorted by age: 1, 2, 3 and 4 weeks old. The 
neonates produced from 2 and 3 weeks old daphnia were discarded three times a week, see Figure 7. 
The 4 weeks old adults were discarded and the neonates produced from this group of adults were 
checked for males and then removed from the beakers called 4th week to the 1st week beakers. The 
culture was checked for males once a week in order to ensure that the culture was not stressed. This 
setup ensures that no first broods were used in the experiment recommended by the OECD 
guideline (OECD, 2012).   
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Figure 7 shows the setup for the culture. The neonates from the 1st week beakers were transferred to 2nd week beakers. 
Within this second week these neonates becomes adults, then the adults from the 2nd week beaker were transferred to 3rd 
week beakers and finally the adults from the 3rd week beakers were transferred to 4th week beakers. The adults are discarded 
after the 4th week to ensure a high production of neonates in the culture. The new neonates in 4th week are transferred to 1st 
week beakers and the circle starts over again. 
Feeding of Daphnia magna 
The D. magna culture was fed with the unicellular green algae Pseudokirchneriella subcapitata 
approximately every second day (Monday, Wednesday and Friday) during the acclimatization and 
experimental period. OECD (2012, p. 6) recommends that each daphnia is fed in a range of 0.1-0.2 
mg carbon/daphnia/day at all times (OECD, 2012, p. 6). In this study the relationship between the 
carbon content and the light absorbance (SpectraChrom, UV-visible spectrophotometer) at 684 nm 
was used to estimate the amount of algae added during feeding (Halling-Sørensen et al., 1996; 
Rodrigues et al., 2011). This method ensured that the daphnids were fed with the same amount of 
carbon during the experiment and in the culture. 
Algae culture compounds 
The algae were grown in 1 litre glass beakers in algae medium under continuous stirring and 
aeration, see Figure 9. The algae culture was kept in the same climate chamber as the D. magna 
culture and therefore had the same photoperiod (16/8 hours). The algae culture was renewed twice 
every week (Monday and Thursday) and the collected algae were stored in the fridge for 2 to 3 days 
at 5 °C. The algae were checked for invasive algae in a spectroscope (LEICA DMLS, 40x/0.65) 
before they were placed in the fridge until use. Before use the supernatant were discarded and the 
algae were suspended in M7 medium.  
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Figure 9 (left picture) shows our algae in a spectroscope (LEICA DMLS, 40x/0.65) and our algae culture in the climate 
chamber (right picture).  
Test chemicals 
Resorcinol   
Resorcinol ≥ 99.0 % was purchased from Sigma-aldrich, item 398047 (CAS no. 108-46-3). Stock 
solutions for single substance toxicity were made by weighing of 20 mg of resorcinol and pouring 
up to 100 ml M7 medium in a measuring flask. Stock solutions for the mixture toxicity were made 
by weighing of 12.5 mg of resorcinol and pouring up to 250 ml M7 medium in a measuring flask.   
Propiconazole 
Propiconazole 98.4 % was purchased from Sigma-aldrich, item 45642 (CAS no. 60207-90-1). Stock 
solutions for single substance toxicity were made by weighing 10 mg of propiconazole and pouring 
up to 200 ml M7 medium in a glass beaker. All stock solutions for the mixture toxicity were made 
by weighing of 30 mg of propiconazole and pouring up to 600 ml M7 medium in a glass beaker. 
The glass beaker with the test solution were sonicated at 45° C degrees for 2 hours inspired by 
Skolness et al. (2013, p. 285).  
Dose-response experiments  
The 100:0 and the 0:100 dose-response experiments were conducted first to determine the EC50 
values and the dose-response interval. The concentrations used in the 75:25, 50:50 and 25:75 
experiments were then based on the isoeffective concentration from the 100:0 and 0:100 
experiments. The experiments were based on the fixed ratio design. 
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Setup  
Daphnia less than 24 hours old, and that were not first brood progeny, were taken from the culture. 
That is, progeny from the daphnia that were 3 or 4 weeks old (Dang et al., 2012, p. 514; OECD, 
2012, p. 6). The daphnia were not fed during the experiment in accordance with OECD guideline 
211 (OECD, 2004, p. 3). All experiments were conducted in a climate chamber and in 80 ml glass 
beakers with 5 daphnids in each and each beaker was filled with approximately 50 ml test medium, 
see Figure 10. The daphnids were kept in a light/dark photoperiod cycle of 16/8 h. The pH, oxygen 
concentration and hardness were measured in the controls and in the highest concentration at the 
beginning and in the end of the experiment. Light and temperature were measured during the whole 
test with loggers to ensure that they were stable during the experiment, see ‘Appendix II’ and 
‘Appendix I’ for measurements (OECD, 2004, p. 3,5).  
We defined immobility as daphnids not being able to move within 10-15 seconds after a gentle 
agitation of the glass container (OECD, 2004, n. Annex 1). 
 
Figure 10 shows the experimental setup in our climate chamber. 
  
The concentrations for the 100:0 and 0:100 experiments were based on findings from (European 
Commission, 2003, p. 19; FMC Crop Protection, 2012; Hahn et al., 2006; Kast-Hutcheson et al., 
2001; Skolness et al., 2013; Tamura et al., 2013; VILLA crop protection, 2010) and previous pilot 
experiments, see ‘Appendix I’. 7 concentrations including a control with 4 replicates each 
containing 5 daphnids were made (OECD, 2004, p. 3). See Table 2, Table 3 and Table 4 for 
concentrations in the experiments and proportions of resorcinol and propiconazole in the mixture 
experiments. 
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Table 2 shows the chosen concentrations for resorcinol and propiconazole in the 100:0 (propiconazole:resorcinol) and 0:100 
(resorcinol:propiconazole) mixture tests in µg/ml and mM, respectively. 
Resorcinol  Propiconazole  
[μg/ml] [mM] [μg/ml] [mM] 
0 0 0 0 
0.3 0.000545 2 0.001168 
0.4 0.000727 5 0.002922 
0.5 0.000908 8 0.004675 
0.6 0.001092 11 0.006430 
0.7 0.001271 14 0.008182 
0.8 0.001453 17 0.009936 
0.9 0.001635 20 0.011691 
1.0 0.001816 23 0.013442 
1.1 0.001998 25 0.015196 
1.2 0.002179 29 0.016949 
 
Table 3 shows the proportions of each chemical in % (propiconazole:resorcinol) 
100:0  75:25 50:50 25:75 0:100 
100:0 98.59:1.41 95.9:4.10 88.62:11.38 0:100 
Table 4 shows the chosen total mixture concentrations of resorcinol and propiconazole (propiconazole:resorcinol) in the 
75:25, 50:50 and 25:75 mixture toxicity tests in µg/ml and mM, respectively. 
75:25 mixture 50:50 mixture 25:75 mixture 
[μg/ml] [mM] [μg/ml] [mM] [μg/ml] [mM] 
0 0 0 0 0 0 
2 0.001204 2 0.00127 2 0.001449 
4 0.002407 4 0.00254 4 0.002898 
6 0.003611 6 0.00381 6 0.004348 
8 0.004814 8 0.00508 8 0.005797 
10 0.006018 10 0.00635 10 0.007246 
12 0.007221 12 0.00762 12 0.008695 
14 0.008425 14 0.00889 14 0.010145 
16 0.009628 16 0.01016 16 0.011594 
18 0.010832 18 0.01143 18 0.013043 
20 0.012036 20 0.01270 20 0.014492 
Analytical determinations and measurements 
Chemical analyses were conducted on the lowest and highest test concentrations from the stock 
solution for resorcinol and propiconazole respectively. The test solutions were measured with 
daphnids in at initation of the experiment and after 48 hr. as recommended in OECD (2004, p. 5). 
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The analysis were made to ensure that the concentrations of the chemicals remained within ± 20 % 
of the nominal concentration (OECD, 2004, p. 5).  
High-performance liquid chromatography 
Resorcinol and propiconazole were analysed by high-performance liquid chromatography (HPLC). 
5 standard concentrations were made for each of the compounds. The standard concentrations for 
resorcinol were 0.102, 0.302, 0.502, 1.02 and 1.52 µg/ml and standard concentrations for 
propiconazole were 1, 5, 10, 25 and 50 µg/ml. All the standard concentrations were made in M7.  
Determination of EC50 values 
The modelling of all the dose-response curves was done in Prism Graphpad where the data from the 
different mixture ratios were fitted to the log-logistic function described in ‘Fitting dose-response 
curves’, respectively. The upper and lower limits were held constant at 100 and 0 % respectively in 
order to make the relationships comparable. From the modelled dose-response curves the EC50 
values for all mixture ratios were estimated.  
Mixture modelling 
Based on the approach described in ‘Mixture Modelling – Deviations from additivity’ and inspired 
by Kretschmann et al. (2015), Nørgaard & Cedergreen (2010), Kristian Syberg et al., (2008) and 
Sørensen et al. (2007), our raw data was used for the modelling of isobolograms and isobole 
models, and the open source statistical program; R was used in order to determine whether our data 
deviated from additivity. 
First, all dose-response curves were fitted at once in order to get the opportunity to test hypotheses 
regarding the parameters, specifically hypotheses about the EC50 effect isoboles. An F-test based on 
the residual sums of squares (RSE) from the model with varying slopes and the model with one 
shared slope was used to test if the dose-response curves were similar and thus only differed in 
relation to the EC50 values or also differed in their slopes. Since our dose-response curves were 
similar in relation to their lower limit (p=0.0861) further analysis were carried out by shifting to a 
more simple model with three parameters, see equation (7), instead of four parameters, see equation 
(6) (Sørensen et al., 2007, p. 386).  
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Next, the additivity isobole were fitted to the EC50 values of all mixtures in the isobologram and 
then the Hewlett model was fitted to the EC50 values. 
The EC50 values based on the log-logistic function from each mixture were tested against the 
Hewlett model and the CA model by an ANOVA to get a statistical measure of whether the data 
were significantly different from the models or not, respectively. Furthermore the fit of the CA 
model and the Hewlett model were tested, respectively, by use of a lack of fit test based on the RSE 
from the models. The RSE is a measure of the length between the data and the fitted model based 
on the model fit. The model with the smallest RSE is better than the other (Ritz & Streibig, 2008, 
pp. 105–107). Thus by comparing the RSE for each model and by graphically inspecting the fit of 
each model it was determined whether the CA model or the Hewlett model fitted the data best (Ritz 
& Streibig, 2008, p. 60).  
A CA model based on data from the 100:0 and 0:100 DR curves were also plotted and used to 
compare with the CA model based on all mixture ratios in order to determine whether an over- or 
underestimation would have been predicted if only the single toxicity data was available, which is 
often the case. Moreover, the IA model was fitted to the data in the isobologram in order to compare 
the IA model with the CA model and determine which one made the best fit, and whether they over- 
or underestimated that effects. This was done by manually calculating the EC50 values based on the 
IA equation and combining these with a line, see equation (1). Finally, EC10, EC50 and EC90 values 
were estimated in R and plotted manually in three different graphs. Within these graphs the 
corresponding CA models based on the 100:0 and 0:100 data. 
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Results 
Oxygen, hardness and pH  
Our measurements of oxygen, hardness and pH in the test beakers in the beginning and the end of 
each experiment, respectively, all met the recommendations of the OECD (2004, 2012).  The 
oxygen measurements were all above 3 mg/L, the hardness measurements were all above 140 
CaCO3 mg/L and the pH measurement were between 6-9. See ‘Appendix III, Oxygen, hardness & 
pH measurements’ for specific measurements. 
Chemical analysis 
The measured lowest concentration for propiconazole was 11.2 % higher than the nominal 
concentration in the beginning of the test and 5.95 % higher after 48 hours. The measured highest 
concentration for propiconazole was 3.1 % higher than the nominal concentration in the beginning 
of the test and 2.3 % higher after 48 hours.  
The measured lowest concentration for resorcinol was 2.33 % lower than the nominal concentration 
in the beginning of the test and 49.66 % lower compared to the nominal concentration after 48 
hours. The measured highest concentration for resorcinol is 4.3 % lower than the nominal 
concentration in the beginning of the test and 24.1 % lower compared to the nominal concentration 
after 48 hours.  
Table 5 shows the nominal concentrations together with the measured concentrations at 0 hours and after 48 hours for both 
chemicals, respectively. 
48 h 
immobilisation 
Nominal concentration  Measured Concentration 
 0 hours 48 hours  
Propiconazole [2 
µg/ml] 
2  2.224  2.119  
Propiconazole 
[29 µg/ml] 
29  29.899  29.658  
Resorcinol [0.3 
µg/ml] 
0.3  0.293  0.151  
Resorcinol [1.2 
µg/ml] 
1.2  1.148  0.911  
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Acute toxicity 
The dose-response curves presented in this part spin from 0 and 100 % immobilized daphnia in each 
replicate and the regressions were made from nominal exposure concentrations.  
Figure 11 and Figure 12 show the results from all the dose-response experiments with resorcinol 
and propiconazole. All graphs show clear sigmoid dose-response relationships, but with different 
slopes, see Table 6. The daphnia did therefore respond differently to propiconazole and resorcinol. 
The estimated EC50 values for the 100:0 and the 0:100 mixtures shows that resorcinol, when used 
alone, were more toxic than propiconazole, when used alone, since it took 23.49 times more 
propiconazole to achieve an EC50 than resorcinol to achieve an EC50, see Table 6.  
 
Figure 11 shows dose-response curves for resorcinol and propiconazole respectively, showing the average number of 
immobilized daphnids along with increasing log concentrations. The error bars are standard deviations and the bands are 
prediction bands. 
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Figure 12 shows does-response curves for the 50:50 (a), 75:25 (b) and 25:75 (c) mixtures of propiconazole and resorcinol 
made with isoeffective concentrations. The graphs show the average number of immobilized daphnia along with increasing 
log concentrations. The error bars are standard deviations and the bands are prediction bands. 
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Table 6 lists the EC50 values and the hillslope values, estimated in Graphpad, for all the mixtures 
illustrated on Figure 11 and Figure 12. The EC50 values for the 75:25, 50:50 and 25:75 mixtures are 
all above the EC50 values for 100:0 and 0:100. This indicates antagonism. 
Table 6: The horizontal columns list the different EC50 values in mM and µg/ml together with the hillslope for the different 
mixtures represented by the vertical columns. All values are with 95% confidence limits (CI). 
 EC50Mixture [mM] EC50Mixture [µg/ml] Hill Slope 
100:0 0.00728 12.46 2.77 
95 % CI 0.006324-0.008376 10.82-14.33 1.76-3.77 
75:25 0.01111 18.83 8.57 
95 % CI 0.01056-0.01170 17.90-19.83 5.50-11.64 
50:50 0.00895  14.89 2.20 
95 % CI 0.007715-0.01038 12.83-17.27 1.60-2.80 
25:75 0.00813 12.84 1.54 
95 % CI 0.006458-0.01024 10.20-16.17 1.07-2.00 
0:100 0.00097 0.53 5.18 
95 % CI 0.0009134-0.001026 0.50-0.56 3.84-6.50 
 
The individual EC50 value for resorcinol and propiconazole in all the mixtures, respectively, are 
listed in Table 7. There is a tendency showing that it takes a higher concentration of propiconazole 
in the 75:25, 50:50, and 25:75 mixtures to elicit the same effect compared to the 100:0 mixture 
where propiconazole is alone. In regard to resorcinol, on the contrary, there is a tendency showing 
that it takes a lower concentration of resorcinol in the 75:25, 50:50 and 25:75 mixtures in order to 
achieve the same effect compared to the 0:100 mixture where resorcinol is alone. The lowest 
concentration of resorcinol needed in a mixture to achieve the EC50 concentration is in the 75:25 
mixture where only 0.09 µg/ml resorcinol were needed if 18.74 µg/ml propiconazole were present. 
Thus if we divide the EC50 value for resorcinol from the 0:100 mixture with the EC50 value for 
resorcinol in the 75:25 we find that it takes 5.8 times less resorcinol in the 75:25 than in the 0:100 in 
order to achieve the same effect.   
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Table 7 lists the individual EC50 values for resorcinol and propiconazole respectively in the 100:0 and 0:100 mixtures together 
with the individual EC50 values in the 50:50 mixture in mM and µg/ml, respectively. 
 EC50Mixture [mM] EC50Mixture [µg/ml] 
100:0 Propiconazole 0.00728 12.46 
75:25 Propiconazole 0.01095 18.74 
Resorcinol 0.00016 0.09 
50:50 Propiconazole 0.00858 14.69 
Resorcinol 0.00037 0.20 
25:75 Propiconazole 0.00721 12.33 
Resorcinol 0.00092 0.51 
0:100 Resorcinol 0.00097 0.53 
 
Deviations from additivity 
The isobologram on Figure 13 shows the EC50 values from the five mixture experiments based on 
the log-logistic model with 95 % confidence intervals together with the CA model and the Hewlett 
model. The EC50 values from the 75:25, 50:50 and 25:75 are all above the additivity line which 
indicates that the mixture effects deviate from additivity and tend to antagonistic.  
 
Figure 13 shows the isobologram with all five mixture ratios (0:100, 25:75, 50:50, 75:25 and 100:0) together with the plotted 
CA model (the straight line) and the Hewlett model (the curved line). The dots represent the EC50 values for each dose-
response relationships and the full drown lines in extension of the EC50 values are 95 % confidence intervals. 
The estimated hill slopes, the EC50-values and the upper limit listed in Table 8 with their 
corresponding standard errors. Note the upper limit is around 1 instead of 100 as it was in Figure 11 
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and Figure 12. Instead it is close to 1 since our effect data used in R were translated into decimal 
number instead of percent as used in Graphpad. All the p-values in Table 8 are below 0.05, which 
indicates that there is significant difference between each of the hill slope parameters; each of the 
EC50 values and each of the dose-response curve upper limits.  
Table 8 lists the estimated parameters and their standard errors for the mixture data modelled by the log-logistic model in R 
together with the p-values for each parameter. 
Parameter Estimate [mM] Std. Error p-value 
Hill Slope (100:0) -2.9917e+00   5.1947e-01 0.0000 
Hill Slope (75:25) -1.0542e+01   3.2434e+00 0.0013 
Hill Slope (50:50) -2.4402e+00 4.3538e-01 0.0000 
Hill Slope (25:75) -1.5270e+00   2.5903e-01 0.0000 
Hill Slope (0:100) -5.8018e+00 9.8432e-01 0.0000 
Upper Limit 9.5328e-01   2.3999e-02   0.0000 
EC50 (100:0) 6.9938e-03   4.6716e-04   0.0000 
EC50  (75:25) 1.0956e-02   3.8001e-04   0.0000 
EC50 (50:50) 8.3543e-03   6.7601e-04   0.0000 
EC50 (25:75) 6.8784e-03   8.2254e-04   0.0000 
EC50 (0:100) 9.4313e-04 3.5747e-05   0.0000 
 
The p-values from the lack of fit tests showed that the CA model and the Hewlett model were both 
significantly different from the EC50 values, predicted by the log-logistic model, and they were 
therefore rejected. According to Gibbs & Hiroshi (1997) and Sørensen et al., (2007), see Mixture 
modelling – Deviations from additivity’, the CA model is the model that describes the data best.  
According to Ritz & Streibig (2008, pp. 105–107), see ‘Mixture modelling’ the Hewlett model is 
the model that describes the data best, due to the lower RSE values for the Hewlett model compared 
to the CA model.    
Table 9 shows the p-value and the residual standard errors (RSE) from the lack of fit tests in regard to each model fitted to 
the data. 
Model p-value RSE  λ 
CA 0.000 0.174  - 
Hewlett 0.000 0.163  0.331 
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The CA model (blue line), based on the data from the 100:0 and 0:100 dose-response curves, was 
plotted together with the CA model (black line) based on all mixture ratios, see Figure 14. 
Comparing the blue and the black line, graphically, it seems as if both estimations of CA would 
overestimate the effects of the 75:25, 50:50 and 25:75 mixtures.   
 
Figure 14 shows the isobologram with all five mixture ratios (0:100, 25:75, 50:50, 75:25 and 100:0) together with a plotted CA 
model (the black line) based on all mixture ratios and a CA (the blue line) based on the single substances toxicity only. The 
dots represent the EC50 values for each dose-response relationship and the full drown lines in extension of the EC50 values are 
95 % confidence intervals. 
CA and IA are plotted in the isobologram, see Figure 15. It seems as if IA fits the data better than 
CA since IA can account for four out of five datapoints within their confidence limits whereas CA 
can only account for one. The method used for the mixture modelling did not allow a statistical 
comparison with IA, so the conclusions regarding IA is based on graphical interpretation. 
 33 
 
Figure 15 shows the isobologram with all five mixture ratios (0:100, 25:75, 50:50, 75:25 and 100:0) together with the plotted 
CA model (the straight line) based on all mixture data and the IA model (the red line) based on all mixture data. The dots 
represent the EC50 values for each dose-response relationships and the full drown lines in extension of the EC50 values are 95 
% confidence intervals. 
 
The EC10 and EC90 values are plotted together with CA, based on the data from the 100:0 and 
0:100, on Figure 16 and Figure 17, respectively. The graphs show that the mixture effect when 
assessed from an EC90 values tended to be antagonistic, whereas when assessed from EC10 values it 
tended to be additive for the 50:50 and 25:75 mixture and antagonistic for the 75:25 mixture. The 
method used for the mixture modelling did not allow a statistical comparison with CA and the EC10 
or EC90 values, so the conclusions regarding CA and these values are based on graphical 
interpretation.  
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Figure 16 shows the isobologram with all five mixture ratios (0:100, 25:75, 50:50, 75:25 and 100:0) together with the plotted 
CA model (the straight line) based on the single toxicity data. The dots represent the EC10 values for each dose-response 
relationships and the full drown lines in extension of the EC10 values are 95 % confidence intervals. 
 
 
Figure 17: The isobologram with all five mixture ratios (0:100, 25:75, 50:50, 75:25 and 100:0) together with the plotted CA 
model (the straight line) based on the single toxicity data. The dots represent the EC90 values for each dose-response 
relationships and the full drown lines in extension of the EC90 values are 95 % confidence intervals. 
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Discussion 
Acute toxicity 
In the second lowest treatment of propiconazole, see Figure 11 (right graph), some daphnia were 
immobilized and the point does not follow the fitted line as well as all the other points. It is known 
from an earlier test; see Appendix I, (Propiconazole 5), that this concentration did not cause 
immobilization in D. magna. Thus this point is considered to be an outlier.  
Comparing with other studies 
Comparing our EC50 values from the single toxicity experiment of resorcinol with toxicity values 
from studies made by others, see Table 10, our results are very much in line with what both Hahn et 
al. (2006, n. p. 33), Lima (2004) and Tamura et al. (2013) found in their experiments. 
Regarding propiconazole our EC50 value from the single toxicity experiment is higher compared to 
FMC Crop Protection (2012), VILLA crop protection (2010), European Commission (2003) and 
Kast-Hutcheson et al. (2001), see Table 11. This could be due to lower measured concentrations 
than nominal in our own experiment, but on the contrary our analytical measurements showed that 
the measured concentrations of propiconazole were actually higher than the nominal, see ‘Results, 
Chemical Analysis’. 
Taken into account how much the toxicity measures for propiconazole vary among these different 
experiments in general and relating our results to European Commission (2003) and Nørgaard & 
Cedergreen (2010) our estimate appears reasonable. The general relatively great deviations between 
these toxicity data could be due to differences in using and not using solvents. Kast-Hutcheson et 
al., (2001, p. 503) for instance used ethanol (0.0005 %) to dissolve propiconazole. It has been 
demonstrated that solvents may interact (synergistically/antagonistically) with the test chemical and 
thus lead to over- or underestimates of toxicity (Green & Wheeler, 2013, p. 243). Other differences 
causing these deviations might be species sensitivity in the different laboratory cultures, different 
temperatures, pH, light/dark periods, concentrations ranges and number of replicates. Also, 
especially how immobilization is determined might make a difference since it is quite hard to be 
objective when observing the organisms. Two persons/two laboratories might easily have different 
opinions on this. This was observed in our own study where we sometimes had different opinions 
on when the daphnia were, or were not, immobilized. In order to make sure that the criteria for 
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immobilization were the same we chose to let the same person check the daphnia each time. Finally 
it shows that the other studies, see Table 10 and Table 11, also found that resorcinol alone were 
more toxic than propiconazole alone, since lower concentrations of resorcinol in general were 
acquired to elicit the same effect compared to concentration of propiconazole, when these were 
tested individually. 
Table 10 shows toxicity results from our own single toxicity experiment with resorcinol and two other studies. 
Resorcinol Our study (Hahn et al., 2006, n. p. 33, Lima 
(2004)) 
(Tamura et al., 
2013) 
 Toxicity [µg/ml] EC50: 0.5  NOEC ≥ 0.172 
EC50 > 0.172  
EC50: 0.53 
Test organism D. magna D. magna D. magna 
Exposure time 48 hours 21 days 48 hours 
OECD guideline 202 211 202 
Endpoint Immobilization Reproduction Immobilization 
Temperature 20±2°C - 20°C 
Light/dark period 16/8 - 16/8 
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Table 11 shows toxicity results from our own single toxicity experiment with propiconazole and five other studies. 
Propiconazole Our 
study 
(FMC 
Crop 
Protection
, 2012) 
(VILLA 
crop 
protection
, 2010) 
(European 
Commission
, 2003) 
(Kast-
Hutcheso
n et al., 
2001) 
(Nørgaard 
& 
Cedergreen
, 2010) 
Toxicity 
[µg/ml] 
EC50: 
12.45  
EC50: 4.8 EC50: 2.89 EC50: 10.2  LC50: 5 EC50: 
11.5±1.3 
Test organism D. 
magna 
D. magna D. magna D. magna D. magna D. magna 
Exposure time 48 hours - 48 hours 48 hours 48 hours 48 hours 
OECD 
guideline 
202 - - - - 203 
Endpoint Immobili
za-tion 
- - - Mortality Immobiliza-
tion 
Solvent None - - - Ethanol Acetone 
Temperature 20±2°C - - - 20°C 20°C 
Light/dark 
period 
16/8 - - - 16/8 16/8 
Mixture toxicity versus single toxicity 
Comparing the EC50 values for the 100:0 and 0:100 with the individual EC50 values for resorcinol 
and propiconazole in the 75:25, 50:50, 25:75 mixtures, respectively, it was found that the greatest 
individual concentration differences between resorcinol and propiconazole alone and in the 
mixtures (75:25, 50:50, 25:75) were in the 75:25 compared to the 100:0 and 0:100 mixtures, 
respectively.   
The individual EC50 value for propiconazole in the 75:25 mixture, see Table 8, was higher than the 
EC50 value for the 100:0 mixture. To achieve an EC50 with propiconazole alone a concentration of 
12.46 µg/ml was estimated, whereas to achieve an EC50 in the 75:25 mixture a concentration of 
18.74 µg/ml was estimated. Thus a higher concentration of propiconazole, in the 75:25 mixture, 
was needed in order to obtain the same effect (EC50) compared to the concentration in the 100:0 
mixture. This supports the indication of antagonistic effects seen in Table 6 and Figure 13, where 
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the total EC50 values for the 75:25, 50:50 and 25:75 mixtures all exceeded the EC50 values for the 
100:0 and 0:100 mixtures and where the EC50 values, graphically, deviated from the CA model, 
respectively. However the individual EC50 value for resorcinol, see Table 8, was lower than the 
EC50 value for the 0:100 mixture. To achieve an EC50 with resorcinol, alone, a concentration of 0.53 
µg/ml was estimated, whereas to achieve an EC50 with resorcinol in the 75:25 mixture, a 
concentration of 0.09 µg/ml was estimated. Thus a 5.8 times lower concentration of resorcinol, in 
the 75:25 mixture, was needed in order to obtain the same effect (EC50) compared to the 
concentration in the 0:100 mixture. This illustrates that even though antagonistic effects are not as 
high as additive or synergistic effects, they might still exceed the effect of the individual chemical 
based on the single substance toxicity.  
Modelling deviations from additivity 
The fact that the isobole method makes it possible to compare dose-response curves which are 
dissimilar in shape (Kortenkamp & Altenburger, 1998, p. 65) was a great advantage for us since our 
dose-response curves had different slopes, see Table 8. The disadvantage of the isobole method 
concerning the lack of statistical power was overcome in our study by use of the modelling 
approach described in Sørensen et al. (2007). We were able to get a statistical measure of whether 
the data yielded additivity (corresponding to CA), synergism or antagonism (deviating from CA). 
Yet, neither CA nor Hewlett were accepted as isobole models for our data (p-values=0.000). Thus 
the statistical measure was only present in the form of using the simplest model of the ones not 
fitting the data statistically or the one with the lowest RSE value. The CA model is the simplest 
model however if graphically inspecting the fit of each model compared with the data, see Figure 
13, the Hewlett model tended to fit the EC50 values the best. Moreover all the EC50 values for the 
mixtures 75:25, 50:50 and 25:75 in Table 6 were higher than the EC50 values for the 100:0 and 
0:100 mixtures and the RSE value for the Hewlett model was lower than the RSE value for the CA 
model, see Table 9. Thus, thus our final conclusion is that our data are antagonistic. 
Concentration addition and Independent action 
Regarding the models CA and IA, neither of them was able to describe our results fully, see Figure 
15. The CA isobole were below the EC50 values for the 75:25, 50:50 and 25:75 and did not fit these, 
however CA showed to overestimate the mixture effects, since additivity proposed by CA was a 
worse case than the ‘real’ case (antagonism). IA accounted for almost all the EC50 values but also 
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overestimated the mixture effect for the 25:75 mixture. This supports the fact that resorcinol and 
propiconazole have different MoAs and thus IA would also have been proposed as the most 
relevant model, since the assumption for this model is different MoAs. 
Mode of action 
The way chemicals act in mixtures is very much dependent on their MoA thus the research of 
MoAs for chemicals in toxicology go way back (Escher & Hermens, 2002, pp. 4202, 4210). 
Mechanistic studies in ecotoxicology is used to achieve understanding of the impact of chemicals 
on living organisms but are also used to deduce general principles in order to categorize and assess 
effects. Knowing the MoA is essential for the development of descriptive/predictive models in 
ecotoxicology (Escher & Hermens, 2002, p. 4201). 
Mode of action, propiconazole 
In regard to daphnids, Kast-Hutcheson et al. (2001) has demonstrated that propiconazole had no 
significant adverse effects on survival or fecundity in D. magna during a 21 days exposure to 
concentrations up to 0.25 µg/ml, but the exposure to 0.25 µg/ml caused a significant effect of 
developmental abnormalities, more specific under developed second antennae and no extensions of 
shell spines in neonates, and embryonic death. Interestingly the direct exposure of embryos to 
propiconazole also caused toxicity, but these results were not consistent with the ones observed 
during the chronic exposures of the maternal daphnids. Yet, the maternal exposure to propiconazole 
where the embryos were collected and transferred to a clean media afterwards showed consistent 
results with the ones observed during the chronic exposure. Thus these results suggest that 
propiconazole affects later stages of embryonic development in D. magna and that this toxicity is 
established primarily through maternal exposure to propiconazole.  
Supporting Kast-Hutcheson et al. (2001)’s results, Soetaert et al., (2006) used a DNA sequencing 
analysis to find gene fragments from D. magna connected to important functional classes such as 
embryo development, molting, energy metabolism and cell cycle. Then they exposed D. magna to 
propiconazole for 4 and 8 days respectively and found great changes in transcription, in the 
daphnids exposed to the highest concentration (1 µg/ml).  
After 4 days a 3-fold down regulation of the gene that encodes the yolk protein (vitellogenin) was 
found together with an up regulation of the heat shock 90 protein and ATP synthase.  
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Increase of vitellogenin in the oocytes is among the vital events in ovarian maturation. Soetaert et 
al. (2006, p. 74) refers to the decrease in vitellogenin as a clear indication of reproduction 
functioning impairment of the maturing daphnids and draws a parallel to (Ankley et al., 2002) that 
has found a similar inhibition of vitellogenin in fish exposed to another azole fungicide. Also 
Skolness et al. (2013) has found a reduction in vitellogenin in fish. 
Enhancement in heat shock proteins is induced by a lot of environmental stressors such as toxic 
chemicals or extreme temperatures. Their function in general is to contribute to the folding and 
maturation of proteins. Specific for the heat shock 90 protein is that it is thought to play a role in 
embryonic development by providing protection to all cells after embryonic stress. 
Induction of ATP synthase is thought to be a response to toxic stress caused by propiconazole and 
thus a need for more energy (Soetaert et al., 2006, p. 74). 
These molecular findings were confirmed by the organismal effects appearing at the highest 
concentrations (1 µg/ml), where the growth of adults was significantly decreased and 
developmental effects in the neonates were observed (Soetaert et al., 2006, p. 75). 
Mode of action, propiconazole in mixtures 
Studies with propiconazole in mixtures with other chemicals than resorcinol show that 
propiconazole are able to act as a synergizing chemical (Kretschmann et al., 2015a; Nørgaard & 
Cedergreen, 2010; Pilling & Jepson, 1993).  
Pilling & Jepson (1993) investigated mixtures of propiconazole together with the insecticide, 
lambda-cyhalothrin on the honeybee, Apis mellifera, via an acute test. They found that 
propiconazole enhanced the toxicity up to 16-fold. 
Nørgaard & Cedergreen (2010) investigated the synergizing potential of propiconazole together 
with the pyrethroid insecticide alpha-cypermethrin on D. magna by an acute immobilization test. 
They found that propiconazole increased the toxicity up to 7-fold. In order to explain why the 
fungicides increased the toxicity, Nørgaard & Cedergreen (2010) refer to a theory about how the 
fungicides synergize the effect of the insecticide. The theory is that the fungicides inhibit the 
metabolism of the insecticide by inhibiting the cytochrome P450 monooxygenases, which is in 
charge of xenobiotic oxidation and thus enhance the concentration of the insecticide within the 
organism.   
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Kretschmann et al. (2015) also investigated the synergistic potential of propiconazole on D. magna 
together with the insecticide, alpha-cypermethrin by an immobilization pulse test of 4 days. They 
found that the EC50 values were 13-fold lower when propiconazole was present and that the 
synergistic potential of propiconazole was very much dependent on time. Interestingly, this 
difference in EC50 values with and without propiconazole was not observed during the pulse 
exposure but after the recovery period. 
Mode of action, resorcinol  
Bearden & Schultz (1997, pp. 1311 & 1314) suggest that the MoA for resorcinol is soft 
electrophile. Electrophiles are electron poor chemicals and thus allowed to interact with 
nucleophiles, which are electron rich chemicals. Electrophiles are divided into soft and hard 
categories based on polarizability of the center of the molecule. Soft electrophiles usually react with 
amino acids by forming covalent bonds with them. Amino acids are rich in O, S and N atoms and 
thus when an exogenous soft electrophile gets into a cell the possibility of electro(nucleo)phillic 
reactivity to happen are abundant. When this occur and the concentration of the soft electrophile 
inside the organism becomes high enough, the binding of these covalent bonds can create toxicity 
(Dawson et al., 2010, p. 6). Unfortunately, to our knowledge, no mixture studies with resorcinol 
have been available. 
Relating mode of actions with the mixture effects 
Unfortunately, to our knowledge, no mixture studies with resorcinol and propiconazole, beside from 
our own study, have been available for comparisons either. Yet, we know from other studies, 
described above, that resorcinol impacts the amino acids, which are the building blocks for proteins, 
while propiconazole cause an upregulation of heat shock proteins and ATP synthase as a response 
to toxic stress and a down regulation of the gene that encodes the yolk protein. Thus if resorcinol 
alters the amino acids then the upregulation of heat shock proteins, as a defence to toxic stress, 
might be inhibited by lack of functional amino acids to create the proteins. Thus the daphnids are 
not only exposed to toxic stress but also to damage of their defence system designed to cope with 
toxic stress until a certain threshold. Based on this, the hypothesis for the mixture effect for 
resorcinol and propiconazole could have been synergistic. This hypothesis is supported by the 
findings of synergistic effects, in mixture studies with propiconazole and other chemicals, done by 
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Kretschmann et al. (2015), Nørgaard & Cedergreen (2010) and Pilling & Jepson (1993). However 
this hypothesis was not confirmed by our results.  
The results showed the opposite; an antagonistic mixture effect. It is known that many factors may 
influence the interaction between chemicals and thus the mixture effects. One example is that one 
chemical may alter the absorption, distribution, metabolism, and/or elimination of another. This can 
affect stimulation of detoxification enzymes or other changes caused by the presence of one 
chemical and may result in faster or complete biotransformation of the other chemical thus result in 
decreased levels within the organism and thus lowered toxicity due to that chemical (Ecetoc, 2001, 
p. 4). Thus if we are to suggest other possible explanations for the result of antagonistic effects, then 
maybe the defence mechanisms, in the form of upregulated heat shock proteins an ATP synthase 
caused by propiconazole, make the daphnids more resistant in order to deal with the toxicity of 
resorcinol. In this indirect way the MoA for propiconazole might actually lower the toxicity of 
resorcinol. A mixture might also cause physical or chemical interactions which change the 
characteristics of one or more initial chemicals, in a way where their single toxicities are not 
expressed or are neutralised (Ecetoc, 2001, p. 4). The apparent shift in mixture effect from what 
appears to be additivity at EC10 values to antagonism at EC50 and EC90 values, see Figure 13, Figure 
16 and Figure 17, might be due to a shift in MoA along with increasing concentration (Syberg et al., 
2008, pp. 433–434). 
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Sub-conclusion 
In our experiments we have estimated dose-response curves showing toxicities of propiconazole 
and resorcinol for five mixture ratios of propiconazole and resorcinol in the ratios 100:0, 75:25, 
50:50, 25:75 and 0:100. The EC50 values for 100:0 and 0:100 were compared to other studies and 
were in line with these.  
We found the use of the isobole method very relevant as a tool to interpret mixture data of mixtures 
consisting of less than three chemicals and with dissimilar dose-response curves. The use of the 
isobole method in combination with the mixture modelling allowed us, to overcome one of the main 
disadvantages of the isobole method, namely the lack of statistics.  
The mixture modelling rejected both CA and Hewlett with p-values of 0.000, but the graphical 
inspection of the plot together with the comparison of the EC50 values and comparison of the RSE 
values for the two models suggested antagonism. Thus the conclusion is that the mixtures elicited 
antagonistic effects. By plot of the CA based on single toxicities and all mixtures, respectively, we 
saw that both CA estimates overestimated the effects of the mixtures. The plot of CA and IA 
together showed that IA made a better fit than CA, which was in line with the assumptions 
regarding CA and IA 
The MoAs for resorcinol and propiconazole were discussed in relation to the mixture effect. The 
antagonistic effect observed might be caused by the increase in defence mechanisms by 
propiconazole and thus the greater resistance of the daphnids in order to deal with the toxicity of 
resorcinol.  
The estimation of EC10 and EC90 values for the 75:25, 50:50 and 25:75 mixtures showed different 
mixture effects. EC10 tended to be additive for the 50:50 and 25:75 mixtures and antagonistic for the 
75:25 mixture whereas EC90 tended to be antagonistic. This shift in mixture effect might be due to a 
shift in MoA with increasing concentrations. 
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Part II 
Part 1 illustrated that the mixture of resorcinol and propiconazole elicits a mixture effect on 
Daphnia magna when exposed to different mixture ratios of 75:25, 50:50 and 25:75 based on 
isoeffective concentrations. Furthermore it was demonstrated that the effect of resorcinol in the 
75:25 mixture exceeded the effect of resorcinol based on the 0:100 mixture. Thus demonstrated that 
lower concentrations of resorcinol was necessary in order to achieve the same effect (EC50) when 
propiconazole was present, than when the daphnids were exposed to resorcinol alone. Thus from 
here it was very relevant to investigate whether this mixture effect of resorcinol and propiconazole 
was assessed and managed, and thus whether this effect pose a risk to the aquatic environment 
within EU. This leads us to part 2 where the EU legislations concerning resorcinol and 
propiconazole were analyzed and discussed in relation to, in what degree mixture effects of 
resorcinol and propiconazole are taken into account. 
EU legislations of chemical mixtures  
The EU legislations of chemicals deal with mixtures to some extent. Intentional mixtures are 
regulated within e.g. the plant protection products regulation, the human medicines directive, the 
biocide regulation, the cosmetics regulation and REACH (Kienzler et al., 2014, p. 12). 
Unintentional mixtures of chemicals are supposed to be regulated under e.g. Water Framework 
Directive (Kienzler et al., 2014, pp. 34–35). Specific directions on how to do risk assessments of 
specific chemicals or products are found in the different regulations (Nordlander et al., 2010, p. 
239). However, the environment is exposed to many different chemicals and mixtures from 
different sources but the assessment of these are limited in the EU legislations (European 
Commission, 2012b, p. 4).  
Identification of regulations covering propiconazole and resorcinol  
In order investigate which regulations propiconazole and resorcinol are regulated under and thus 
specify which regulations to analyse in relation to the risk management of mixtures of these in the 
environment, the regulations covering the production, use and release of resorcinol and 
propiconazole, respectively, were identified. 
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Production  
Resorcinol is produced in 10,000-100,000 tonnes a year and thus regulated under 
REACH (ECHA, 2015f, n. CAS no. 108–46–3). 
Propiconazole is pre-registered in REACH and thus produced in amounts of 1-100 
tonnes a year (ECHA, 2015c). Therefore the production of propiconazole will be 
regulated under REACH after 31st of May, 2018 (The Danish EPA, 2015j).  
Use  
Resorcinol is primarily used in the rubber industry and as a wood adhesive, however 
the use of resorcinol to these purposes are not regulated beyond REACH (Johnson & 
Harvey, 2002, pp. 10–32). Resorcinol is also used for other purposes, see Table 12. 
 
Table 12 shows the distribution of the different uses of resorcinol in Europe in percent (Johnson & Harvey, 
2002, pp. 10–06)  
 
Looking into the release of resorcinol from the different uses into the aquatic 
environment, Johnson & Harvey (2002) found that it was mainly the pharmaceuticals 
and the hair dyes which accounted for these releases, see Figure 18. Thus in this thesis 
the focus is on resorcinol used in pharmaceuticals and hair dyes. The regulations 
covering the use of resorcinol within these two product groups are the Cosmetic 
products Regulation (no. 1223/2009) and the Human medicines Directive (no. 
2001/83/EC) (European Parliament, 2009). 
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Figure 18 shows the distribution of resorcinol in regard to losses to the aquatic environment via wastewater 
(Johnson & Harvey, 2002, pp. 10–42) 
Propiconazole is an active substance used to protect materials against pests in the form 
of fungi and is therefore regulated under the Biocide regulation (no. 528/2012) (The 
Danish EPA, 2015d). Before the approval of a biocide product in a member state can 
take place the active substance within this product has to be approved for one or more 
product types within EU (The Danish EPA, 2013). There are 22 product types 
distributed between four main groups, which a biocide can be approved for and each 
product type needs its own approval (ECHA, 2015d). Propiconazole is approved as an 
active substance in product type 8, covering wood preservatives and as an active 
ingredient for use in product type 9, covering protection agents for fibre materials, 
rubber, leather and polymerized materials (The Danish EPA, 2013, 2015a).  
Propiconazole is also used as a fungicide on food crops and is thus approved as a 
pesticide regulated under the Plant protection products (no. 1107/2009/EF) (The 
Danish EPA, 2015c, 2015h). 
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Release 
Resorcinol is released into the aquatic environment via point sources from wastewater 
plants. The release of resorcinol is covered by the Human medicines Directive (no. 
2001/83/EC) and is also supposed to be covered by REACH after the evaluation in 
2016 (ECHA, 2015i; European Union, 2008, n. Annex I, Part 1, Section 1.6) 
Propiconazole is released out into surface waters through the discharge of waste water 
treatment plants, runoff from fields, spray drift or via soil erosions due to heavy 
rainfall (Health Canada Pest Management Regulatory Agency, 2012, p. 6; 
Kretschmann et al., 2015a, p. 94). The release of propiconazole is covered by the 
Plant Protection products regulation and the Biocide regulation (European 
Commission, 2015b). 
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Method 
Figure 19 illustrates under which regulations/directives resorcinol and propiconazole are risk 
assessed and risk managed within each part of their life cycle in regard to environmental health and 
is based on the previous section ‘Identification of regulations covering propiconazole and resorcinol 
’. Table 13 lists the color code for each legislation and Table 14 lists the number of each picture 
together with an explanation of what each picture represents. The empirical literature used to 
analyze the risk management of mixtures of resorcinol and propiconazole was based on Figure 19.  
Table 13 contains the color code for each legislation in regard to Figure 19. 
Color Legislation 
Purple dotted circles Supposed to be covered by REACH 
Pink circle Covered by Cosmetic products Regulation (1223/2009)  
Yellow circle Covered by Human medicines Directive (2001/83/EC) 
Light green circle Covered by Biocide regulation (528/2012) 
Dark green circle Covered by Plant protection products regulation (1107/2009/EF) 
Blue dotted circle Supposed to be covered by WFD (2000/60/EC) 
 
 
 
Table 14 lists the numbers of each picture used in Figure 19 together with an explanation of what the picture represents. 
Picture number Represents 
1 Production of resorcinol 
2 Production of propiconazole 
3 Cosmetics containing resorcinol 
4 Pharmaceuticals containing resorcinol 
5 Biocides containing propiconazole 
6 Pesticides containing propiconazole 
7 Release of resorcinol 
8 Release of propiconazole 
9 The aquatic environment 
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Figure 19 illustrates under which regulations/directives resorcinol and propiconazole are risk assessed and risk managed 
within each part of their life cycle in regard to environmental health. Each colored circle represents a legislation. The 
pictures in the top (number 1 and 2) represent the production of resorcinol and propiconazole, respectively, picture number 3 
and 4 represent cosmetics and pharmaceuticals containing resorcinol, respectively, picture number 5 and 6 represent biocides 
and pesticides containing propiconazole, respectively, picture number 7 represents releases of resorcinol, picture 8 represent 
release of propiconazole and picture number 9 represents surface waters where both resorcinol and propiconazole end up. 
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Analysis 
REACH (regulation 1907/2006) 
As illustrated in Figure 19, REACH covers the production of all commercial chemicals in principle 
and the aim of the regulation is to ‘ensure a high level of protection of human health and the 
environment as well as the free movement of substances, on their own, in preparations and in 
articles, while enhancing competitiveness and innovation’ (ECHA, 2015a; European Commission, 
2006, p. 2). REACH deals with the different substances by following the procedure described in 
Table 15. 
Table 15 explains the main steps in the way REACH deals with chemicals. 
Pre-
registration 
All producers and importers of substances of one tonne or more per year 
should have pre-registered their substances in REACH in the period 
between 1 June and 1 December 2008 (ECHA, 2015e). 
Registration All companies in EU are required to register all substances produced or 
imported in amounts over 1 tonnage per year. There are different deadlines for 
when to register the substances that depend on the amount that is 
produced/imported (ECHA, 2015a). The companies are responsible for 
gathering information about the chemical properties and how the chemical will 
be used. The companies must conduct a risk assessment if the substance is 
produced in amounts over 10 tonne per year (The Danish EPA, 2015j). The risk 
assessment is characterized as a generic risk assessment, which can be very 
complex due to the many possible exposure scenarios. Furthermore, chemicals 
used in great amounts and for different purposes makes it difficult and extensive 
to determine all the possible mixtures (Syberg et al., 2009, p. 1263).   
Evaluation The European Chemicals Agency (ECHA) and Member States assess the risk 
information of the chemicals to determine whether there is a risk or not when 
the substances are used in amounts over 10 tonnes per year (ECHA, 2015m). 
The evaluating Member State can request more information of the substance if 
there is lacking information from the registrants of the substance or a rise of 
concern. ECHA and member States defines the risk-based criteria and which 
substances that should be evaluated. The selected substances are listed in the 
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‘community rolling action plan’ with an opinion from the Member State 
Committee (ECHA, 2015h). Then the substance is either approved for use or it 
will be phased out/substituted and/or restricted. The authorities can restrict the 
use of the substance in different ways if the risk cannot be managed (ECHA, 
2015a). 
Authorisation If a substance is evaluated to have severe effects on human health and/or the 
environment it will be added to a list called the ‘Candidate list of substances of 
very high concern of Authorisation’ (ECHA, 2015l). The candidate list is under 
development and per 15/6 2015 it contains 163 substances (ECHA, 2015l). The 
substances on the ‘Candidate list’ are candidates to the ‘Authorisation list’ and 
the substances will be prioritised after their problematic effects to the human 
health and the environment (The Danish EPA, 2015i). The companies must 
apply for an authorisation by the European Chemical Agency if they want to 
continue using or market a substance, which is on the authorisation list (The 
Danish EPA, 2015i). Each substance on the authorisation list has a date for 
when the use of the substance must stop, ‘sunset date’ and a ‘latest application 
date’, unless they have a sanction from ECHA (The Danish EPA, 2015g). There 
is, per 14. April 2015, 31 substances on the authorisation list (ECHA, 2015b).  
 
REACH registration requirements are in general for single chemicals or chemicals in preparations 
but the preparation itself are not included in the current regulation (Kienzler et al., 2014, p. 26). The 
registration is based on the principle ‘one compound, one registration’ (The Danish EPA, 2015j) 
and thus therefore not deal with mixtures, neither intentional or unintentional mixtures.  
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Regulation of resorcinol 
Cosmetic products Regulation (no. 1223/2009)  
Cosmetics are used on the external body surface for washing, shielding, and taking care of 
the skin. After use, a significant quantity of the cosmetic products moves down the drain and 
arrives in the wastewater. From here these products or parts of them may eventually end up 
in the aquatic environment (Tolls et al., 2009, p. 2485). This is the case for cosmetics 
containing resorcinol as illustrated on Figure 19 and described in ‘Release’. 
Resorcinol is used as a cosmetic ingredient in hair dyes (European Parliament, 2009, p. 
137). The aim of the ‘Cosmetic products Regulation’ is to ensure a high level of protection 
of human health (European Parliament, 2009, p. 59). The ‘Cosmetic products Regulation’ 
has a limit value of 5 % resorcinol in oxidation hair colouring products and 0.5 % for 
shampoos and hair lotions (European Parliament, 2009, p. 137). The percent is the highest 
allowed concentration in the final cosmetic product.  
Cosmetic products are typically a mixture of different substances. A safety assessment must 
be performed to ensure the safety of the cosmetic product for human health (Kienzler et al., 
2014, p. 17). The safety assessment must be based on either the final cosmetic product, the 
ingredients or the combination of ingredients (European Parliament, 2009, p. 62, point 43). 
A cosmetic ingredient is defined as “Any chemical substance or mixture of synthetic or 
natural origin, used in the formulation of cosmetic products”. Furthermore the safety 
assessment should contain an assessment of the cosmetic product and possible interactions 
of substances in the cosmetic product (European Parliament, 2009, p. 80).  
The regulation of an ingredient such as resorcinol is based on a toxicology assessment 
devised by EU’s Scientific Committee for Consumer Safety (SCCS). SCCS consists of 
subgroups of independent experts who are specialized within specific areas (The Danish 
EPA, 2015b). Environmental concern about the substances used in cosmetic products is not 
addressed in the cosmetic regulation but is considered in REACH, see REACH (regulation 
1907/2006): ‘ (..) which enables the assessment of environmental safety in a cross-sectorial 
manner’ (European Parliament, 2009, p. 59, point 5).   
Thus intentional mixtures are dealt with in the Cosmetic directive, however these are only 
concerned with human health effects. The environmental concern of the aquatic 
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environment regarding intentional and unintentional mixtures is not dealt with in the 
cosmetic directive. Intentional mixtures are in principle dealt with under REACH, but as 
mentioned in ‘REACH (regulation 1907/2006)’, REACH does not deal with mixtures either.  
Human medicines Directive (no. 2001/83/EC) 
Pharmaceuticals may enter the aquatic environment via the wastewater like cosmetics 
(Calisto & Esteves, 2009, p. 1257). Pharmaceuticals containing resorcinol has been 
demonstrated to enter the aquatic environment as illustrated on Figure 19 and described 
under ‘Release’.    
Resorcinol is used in pharmaceutical preparations to treat different skin conditions, for 
example acne, psoriasis and corns (Hahn et al., 2006, p. 10). 
In order to use pharmaceutical products, toxicity studies to assess the risk for the patients’ 
human health and the public health is required (Hahn et al., 2006, n. 16). These risk 
assessments are done on the active substances, combinations of active substances within a 
product or on whole products (European Union, 2008, n. Annex I, Part 1, Section 4.2.3). 
The regulation deals with intentional mixtures by paying attention to interactions within a 
medicinal product or with other relevant medicinal products (European Union, 2008, n. 
Annex I, Part 1, Section 4.2.1, 4.2.2, 4.2.3, 5.2.3 & 5.2.4).  
The regulation also requires an environmental risk assessment in order to assess “possible 
risks to the environment due to use and/or disposal of the medicinal product” - quote from 
European Parliament, 2008 (n. Annex I, Part 1, Section 1.6). A guideline for carrying out 
this environmental risk assessment was published in 2006, but the guideline does not deal 
with mixtures (European Medicines Agency, 2006). Thus the Human medicines directive 
does not deal with mixtures in the aquatic environment at all. 
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Regulation of propiconazole 
Plant protection products (Regulation 1107/2009) 
Pesticides enter the aquatic environment via different routes such as wastewater or surface 
run-off from agricultural fields (Kretschmann et al., 2015a, p. 94). This also accounts for 
propiconazole as illustrated on Figure 19 and described in ‘Release’. 
In order to use the different pesticides approvals are needed (The Danish EPA, 2015h). The 
approval “is only granted if the plant production products have no harmful effect on human 
health or on the groundwater and that do not have undesirable effects on the environment, 
particularly on the contamination of water, including drinking water and groundwater.” – 
quote from European Commission (2015b). 
The regulation covers both the active substances and the preparations made with the active 
substances. Preparations means ‘mixtures or solutions composed of two or more substances 
intended for use as a plant protection product or as an adjuvant’ – quote from European 
Commission (2009, p. 7, Article 3 §3). There are different requirements for the individual 
substances and the final products. The individual active substance is assessed based on a 
wide range of data on the effects concerning human health and the environment, for 
example the fate and behaviour of the substance (European Commission, 2009, pp. 41–42). 
When the individual active substance has been authorized, it can be used in the final product 
(Kienzler et al., 2014, pp. 12–13). The authorisation for the final product is often based on 
the data from the single active substance and therefore the final product will not be tested to 
avoid unnecessary testing. The final product is often designed to be more toxic than the 
individual active substances. If the final product is tested, it is often based on acute toxicity 
and the ‘whole-mixtures approach’ (Kienzler et al., 2014, pp. 12–13). ‘Interaction between 
the active substance, safeners, synergists and co-formulants shall be taken into account in 
the evaluation of plant protection products’ – quote from European Commission (2009, p. 
18, Article 29). Since empirical evidence has shown that unrelated chemicals may have a 
similar effect in target organs/organ systems, which can be predicted by CA. CA is 
recommended as an approach to take the cumulative effects of pesticides used on food crops 
into account, when the MoAs concerns the thyroid and the nervous system (EFSA PPR 
Panel, 2013, p. 4). 
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The Plant protection product regulation does therefore to some degree deal mixtures in the 
aquatic environment: Intentional mixtures are dealt with if they affect the thyroid and/or the 
nervous system, but unintentional mixtures are not dealt with. 
Biocide (regulation 528/2012) 
Biocides may also contaminate surface waters via for example use or incomplete removal in 
sewage treatment plants (Dang et al., 2012, p. 270). Propiconazole from biocides may also 
end up in surface waters as illustrated on Figure 19 and described under ‘Release’. 
The Biocide regulation deals with two approval programs. The first one is concerned with 
the evaluations of the active substances in EU, while the second one is dealing with the 
approvals of the biocide products in each member state. Like for plant production products 
biocidal products are only permitted on the market in EU, if it can be demonstrated that the 
products have no undesirable effects on the environment with specific focus on the aquatic 
environment (European Commission, 2015b). 
The Biocide regulation requires risk assessment and toxicity testing carried out for both the 
individual active substance and the biocidal product (Kienzler et al., 2014, p. 14). If the 
biocidal products are in a mixture with other biocidal products, a risk assessment must be 
carried out for the ‘new product combination’ (European Union, 2012). Furthermore the risk 
assessment should take potential cumulative and synergistic effects into account. If biocidal 
products are ‘containing more than one active substance, any adverse effects shall also be 
considered together to produce an overall assessment for the biocidal product itself.’ and ‘If 
there are, in addition, any substances of concern present in the biocidal product then a risk 
assessment shall be carried out for each of these.’ – quote from European Union (2012).  
Therefore the Biocide regulation deals with the risk assessment of intentional mixture in the 
aquatic environment, but does not deal with unintentional mixtures. 
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Water Framework Directive (2000/60/EC) 
The aim of the Water Framework Directive (WFD) is to ‘achieve the elimination of priority 
hazardous substances and contribute to achieving concentrations in the marine environment near 
background values for naturally occurring substances’ – quote from European Community (2000, 
pp. 3, §27).  
The WFD is a site-specific legislation, which means that the ecotoxicological risk assessment is 
dealing with the assessment of exposure scenarios concerning one particular location, e.g. a stream 
(Syberg et al., 2009, p. 1264). The directive contains a list over priority hazardous substances that 
should be eliminated or reduced (Kienzler et al., 2014, p. 14). The WFD identifies hazardous 
substances that is at significant risk to or via the aquatic environment based on a risk assessment 
that are carried out under Regulation No 793/93 (existing substances regulation), Directive 
91/414/EEC (Plant Protection Products), or Directive 98/8/EC (Biocide Regulation) (European 
Union, 2000, p. 17, Article 16 §2). In addition the WFD also set EQS (environmental quality 
standards) and emission limits for chemicals, other pollutants or groups of pollutants (European 
Union, 2000, p. 18).  
Currently propiconazole and resorcinol are not on the priority list nor are there any EQS or emission 
limits for them (European Union, 2013, n. Annex I, II).  
The WFD do not deal with mixtures of chemicals, but focuses on the single chemicals on the 
priority list. EQS guidance document state that some mixtures are intentionally released to the 
environment, for example pesticides and biocides. Other mixtures may also be released with partly 
unknown composition into the environment and after the entry changed (European Communities, 
2011, p. 26). European Communities (2011, p. 26) though recognises that an ‘EQS for mixtures of 
substances may be preferable to deriving EQSs for the individual constituent substances’.  
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Sub-conclusion 
In the analysis of the different legislations covering or supposed to cover resorcinol and 
propiconazole we identified no risk assessment or management of mixtures of these. All the 
legislations analysed assess the environmental risks from chemicals individually, except for the 
‘Cosmetic product Regulation’, which has this covered under REACH. The ‘Cosmetic products 
Regulation’ and ‘Human medicines Directive’ deals with intentional mixtures within products 
and/or among products within their own legislations but only in regard to human health, while the 
‘Plant protection products Regulation’ and the ‘Biocide regulation’ also deals with intentional 
mixtures within products and/or among products within their own legislation, but take both human 
and environmental health concerning the aquatic environment into account. None of the legislations 
deal with unintentional mixtures. In this regard, European Commission (2012b, p. 4) has also stated 
that ‘at the moment there are no methods within the scope of EU legislation, which include a 
systematic, comprehensive and integrate assessment of mixture effects that take different exposure 
ways and different product types into account’.  
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Overall discussion  
In part I of this thesis we demonstrated that there were mixture effects when resorcinol and 
propiconazole were mixed. In part II we demonstrated that no legislations deal with these 
environmental unintentional mixture effects. Antagonistic and/or additive effects are not as 
concerning as synergistic effects, however additive effects are greater than effects from single 
chemicals, which are the basis for current legislations, and antagonistic effects might also be. 
Concerning our case study, if resorcinol is regulated based on the data from the 0:100 test compared 
to the 75:25 test the EC50 is underestimated with 5.8 times. Thus this mixture effect has to be risk 
assessed and risk managed.  
Acute versus chronic mixture studies 
Chemical mixture toxicities are most often assessed by acute studies. However, Zou et al. (2012) 
have demonstrated that mixture effects may be different when assessed from an acute and a chronic 
experiment, respectively. In an acute and chronic study with Photobacterium phosphoreum exposed 
to single sulfonamide and trimethoprim, they found that the acute mixture experiment resulted in an 
antagonistic relationship while the chronic experiment showed a synergistic relationship. This was 
also the case in the study made by Kretschmann et al. (2015), see ‘Mode of action, propiconazole in 
mixtures’. In this relation Zou et al. (2012) argue that acute experiments are not as realistic as 
chronic ones because organisms are often more exposed to mixtures over a longer period of time, 
and the mixture effects based on acute studies might underestimate the risk. However, any chronic 
toxicological test of a mixture, with its specific experimental conditions, offers only very limited 
knowledge on the actual effects that might appear from a real chronic exposure of the environment 
to chemical mixtures. This is due to the fact that various chemicals that make up a mixture have 
dissimilar environmental fates and distribution kinetics in different tissues, organisms and 
environmental compartments (Backhaus et al., 2010, p. 15). 
In environmental risk assessment of single chemicals an assessment factor (AF) is used to 
extrapolate from acute to chronic studies and thus take the uncertainties that are related to such an 
extrapolation into account (ECHA, 2003, p. 93). The purpose of the AF is to predict a concentration 
below where an acceptable effect will be likely to occur. In order to determine the AF, a number of 
uncertainties must be considered in order to extrapolate from single-species laboratory data to a 
multi-species ecosystem. A low AF can be achieved with larger and more relevant data, e.g. both 
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acute and chronic studies, which means that the AF depends on the available/existing data (ECHA, 
2003, pp. 99–101). The lowest available EC50 divided by the relevant AF derives the predicted no 
effect concentration (PNEC), which is used to calculate the risk quotient (RQ) (ECHA, 2003, p. 
101). The RQ is then calculated by dividing PEC with PNEC and if RQ > 1, the chemical is of 
concern (ECHA, 2003, p. 173). The AF is a practical and easy applied tool to cover for 
uncertainties, but the current knowledge on single substances shows that the current AF is not large 
enough to cover mixture effects (Bunke et al., 2014, pp. 77, 132).  
Mixture assessment factor 
In order to account for extrapolations from single toxicities to mixture toxicities, a mixture 
assessment factor (MAF) has been proposed as an extra assessment factor when calculating a PNEC 
for all individual chemicals known to be present within a mixture (Bunke et al., 2014, p. 28). Such a 
MAF may be a very pragmatic way to account for the fact that not only the specific chemical might 
be harmful to environmental health but also that it may come to be part of a multicomponent 
mixture, whose cumulative effect can be expected to be bigger than that of each individual chemical 
(Backhaus et al., 2010, p. 28).  
In order to use a MAF as a tool against avoiding mixture effects, an acceptable default value must 
be accepted that takes the assumed number of chemicals and their contribution into account 
(Backhaus et al., 2010, p. 29). The appropriate size of a MAF is influenced by the sum of chemicals 
within the mixture (assuming additivity), and thus there is a great uncertainty concerning the 
appropriate size of a MAF (Bunke et al., 2014, p. 28). This causes some challenges, since the actual 
amount of toxic chemicals present in a realistic exposure situation is generally not known and might 
also differ much for various scenarios. In addition, the assumption of additive joint action of 
chemical mixtures does not necessarily mean that all chemicals contribute equally to the cumulative 
effect. Empirical samples have shown quite the reverse, namely, that only some chemicals 
dominated the overall mixture toxicity while the rest did not make a significant contribution 
(Backhaus et al., 2010, p. 29). On the other hand, the MAF is easy to handle, once the size of the 
MAF is determined and it could reduce the rising concerns from mixture effects (Bunke et al., 
2014, p. 132).  
Moreover using a MAF of 10 as a lowest but relevant quantification is often proposed. A MAF of 
10 would protect within the range of a 10-fold enhance in mixture toxicity, but we would not know 
whether this would cause over- or underprotective thresholds (Sarigiannis & Hansen, 2012, p. 5). 
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However the incorporation of a MAF would be able to take some of the uncertainties regarding the 
extrapolation from single toxicity to mixture toxicity into account. Yet, from a regulatory 
perspective the use of a MAF of 10 would lead to a reduction of the RQ from 1 to 0.1. This would 
affect for example REACH, as all discharges into the environment would have to be reduced with a 
factor of 10 compared to the current RQ.  
The use of a MAF for regulatory purposes is suggested by Backhaus et al. (2010, p. 28) and if 
knowledge about the specific mixture is lacking. More specific when the number of the 
components, their concentration and concentration ratios is unknown and if to some extent 
quantitative knowledge about the chemicals individual toxicities in regard to a common endpoint is 
needed. Though, if this knowledge is available mixture risk assessments can be carried out based on 
component-based approaches such as CA. 
Concentration addition as a tool in mixture risk assessment 
Methods, such as CA and IA, have been developed because realistically it is only possible 
experimentally to test a very limited subset of all conceivable combinations (Backhaus et al., 2010, 
p. 15). This is due to pragmatic, ethical and economic reasons, since the great number of chemicals 
that are of demonstrated or potential environmental relevance and thus the huge number of possible 
mixtures they might form is countless (Altenburger & Greco, 2009, p. 62; Backhaus et al., 2010, p. 
15). 
Neither IA nor CA was able to describe our results fully, see Figure 15. However, graphically it 
seemed as if CA would be overprotective whereas IA might predict the real effect or be a bit 
underprotective. These findings are in line with what is typically seen in regard to the predictive 
power of CA and IA, namely that CA is the conservative model compared to IA (Altenburger & 
Greco, 2009, p. 67; Backhaus et al., 2000; Faust et al., 2001, 2003; Kienzler et al., 2014, p. 3; 
Kortenkamp et al., 2009, n. 4.2, 4.4, 4.8, 5.2). We suggest a guideline to be developed based on CA 
and possibly an introduction of a MAF since no generally applicable guidelines as to when 
assessment of mixtures of chemicals should be carried out exists (SCHER et al., 2012, p. 8). By 
integrating CA as a tool for mixture risk assessment, additive effects would be addressed. An 
incorporation of CA for environmental mixture risk assessment is also supported by Ecetoc (2011, 
p. 1) and Syberg et al. (2009, p. 1268).  
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How to deal with antagonism and synergism? 
Antagonistic effects may be worse than effects caused by single substances, as described and 
demonstrated by the experiments in this study. However if the assumption for mixture effects is 
additivity, antagonistic effects would be covered if we assume that by “covered” we mean protected 
(also if this means overprotection), since additivity will always be a worse case than antagonism 
(Kienzler et al., 2014, p. 8). Synergism on the other hand is not covered by additivity, yet, 
synergism is acknowledged as a rare incidence (Ecetoc, 2011, p. 1; The Danish EPA, 2015e). 
Cedergreen (2014) has investigated the extent and frequency of synergism in ecotoxicology studies, 
and she argues that in order for synergism to occur in the environment, chemicals have to be present 
at the same time and place and in concentrations high enough to elicit synergism. Chemicals in the 
environment do co-occur, but often the cases demonstrating significant synergism use chemical 
concentrations in the high range of µg/L to mg/L, whereas the concentrations measured in the 
environment is within the range of pg/L to the low range of µg/L.  
This was also the case for our study. The available detected values of resorcinol from surface waters 
in Finland, Norway & the Faroe Islands were within the concentration range of 0.008-0.35 ng/ml 
(Dye et al., 2007, p. 44). Likewise the available detected values of propiconazole in influent 
wastewater in Schweiz and in different Danish surface waters were within the concentration range 
of 0.001-0.03ng/ml and 0.22-2.15 pg/ml, respectively (Kahle et al., 2008, p. 7193). Thus the 
available detected values of resorcinol and propiconazole in the aquatic environment were below 
the concentrations that we found was necessary to achieve an effect in 50 % of the D. magna 
population for all mixture ratios (100:0, 75:25, 50:50, 25:75, 0:100).  
Thus the environmental concentrations may not be high enough to cause synergism. In relation to 
this Cedergreen (2014) argues that since synergism is elicited at relatively high concentrations 
compared to the environmental concentrations, the importance of synergy might be of minor 
importance compared to the additivity of the numerous co-occurring chemicals in the environment. 
This is due to the fact that it only takes another two chemicals of equal strength to achieve the same 
toxicity as if one chemical could increase the effect of another chemical 3-fold. Thus taken into 
account the complex chemical pollution patterns monitored, the additivity of the numerous co-
occurring chemicals might cause a greater hazard than those arising from a few synergists. 
Therefore Cedergreen (2014) suggests that in a regulatory perspective the first step in order to 
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provide a more realistic hazard assessment of chemical mixtures in the environment must be to 
address the cumulative effect arising from co-occurring chemicals. 
We agree with Cedergreen (2014) in regard to addressing the additive effects in the regulatory 
framework as a first priority, since this is also realistic due to the fact that CA and IA models can be 
used to do so. In relation to the synergistic effects, Cedergreen (2014) has made a review that 
among other things investigated whether specific groups of chemicals are likely to induce synergy 
and which physiological mechanisms might be causing this. She found that some groups of 
chemicals were more likely to cause synergy e.g. pesticide including cholinesterase inhibitors 
(insecticides) or azole fungicides in 95 % of the described cases and concluded that: ‘interactions of 
metabolic processes affecting the transformation of xenobiotic seem to be far the most common 
mechanism of synergy’- quote from Cedergreen (2014, p. 9). Thus general synergists might exist. 
Yet, more knowledge on when synergism and antagonism arise will make it easier to decide when 
to check for these relatively rare, but important effects, and thus be able to incorporate approaches 
for catching these effects into mixture risk assessment (Bunke et al., 2014, p. 128; Kortenkamp et 
al., 2009, p. 11).   
Risk assessment & risk management of chemical mixtures  
Concerning the risk management of chemical mixtures, REACH is supposed to ensure that 
chemicals are used with minimal risk for environmental health (The Danish EPA, 2015f), thus it 
might be obvious if REACH was also to cover the unintentional mixture management. However, 
mixtures do not only concern industrial chemicals as regulated by REACH neither only chemicals 
produced in amounts below 1 tonnage per year. Complex environmental mixtures may be made up 
of several different groups of chemicals, e.g. pesticides, biocides, human medicines and cosmetic 
ingredients (Bunke et al., 2014, p. 37), as is also the case for our mixture study. Moreover the 
environmental risk assessments of mixtures needs a characterization of the mixture of concern 
(Kortenkamp et al., 2009, p. 18). Environmental exposure to chemicals is very complicated since it 
depends on complex patterns regarding point releases, emissions, fate, distribution and persistence 
of chemicals in the diverse compartments; soil, air, water, sediment and biota (Kienzler et al., 2014, 
p. 4). Based on this and the fact that REACH is a generic legislation the incorporation of 
environmental mixture risk assessment and risk management into REACH, as a point of departure, 
might be to complex.   
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Biocides, pesticides, human medicines and cosmetics are regulated by specific legislations. The fact 
that some of these take intentional mixtures within their own scope into account is a beginning in 
the recognizing of mixture effects in general, and product-oriented regulations like these also 
appears as the most suitable as a point of departure to evaluate intentional mixtures (Kortenkamp et 
al., 2009, p. 18). However, these legislations most often risk assess the chemicals and products 
(intentional mixtures) as if these were present in isolation, yet a decrease of the cumulated exposure 
of the environment due to complex environmental unintentional mixtures can only succeed if all 
relevant groups of substances, and thus their relevant specific legislations are considered together 
(Bunke et al., 2014, p. 67; Kortenkamp et al., 2009, p. 18). Moreover, there would be no 
“integrated and coordinated assessment across legislation acts” and thus no management of 
mixtures across legislations – translated quote from European Commission (2012b, p. 8), if 
different chemicals in a mixture were to be regulated under different parts of the EU legislations, 
like the single chemicals. Thus, none of these specific legislations seems to be able to meet the 
challenge regarding risk assessment and risk management of mixtures across legislations.  
Currently, it is not clear “which legislation or which combination of actions under different 
legislations offers the most effective way to reduce the adverse impact of mixtures, but it is likely to 
be a combination using several legal instruments” – quote from Bunke et al. (2014, p. 69). Relating 
resorcinol and propiconazole to the different legislations concerning them, we suggest WFD as a 
point of departure in order to incorporate risk assessment and risk management of unintentional 
mixtures across different legislations, since the unintentional mixtures of these arise from here, 
which was also the case for our mixtures, see Figure 19. Furthermore WFD takes point of departure 
in specific sites, and thus has the advantage of focusing on relevant chemicals which are actually 
present within specific ecosystems (Syberg et al., 2009, p. 1269). This suggestion is supported by 
Kortenkamp et al. (2009, p. 18). Yet, the WFD has only 45 substances on its list of priority 
hazardous substances, which have been given environmental quality standards (European Union, 
2013; The Danish Nature Agency, 2013). Note that these substances are single substances and only 
assessed individually. If WFD should be able to handle the management of unintentional mixtures, 
an interactive cooperation and knowledge sharing between WFD and REACH should be enhanced. 
This is also supported by Bunke et al. (2014, p. 69), which states that this should already be a 
priority in regard to the single substances if the coherence of EU regulatory framework should be 
reinforced. In this way, WFD would be able to report back to REACH and regulate the production 
of chemicals, which pose a risk to the environment in the first step of their life cycle. If the 
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cooperation between REACH and the specific product regulations was also strengthened, REACH 
would be able to delegate the restrictions from the WFD to the relevant legislations, if the 
restrictions should be implemented into other steps in the lifecycle of the chemical than the first step 
(production). 
In order to enhance such interactive cooperation, we suggest an extension of the central database at 
ECHA, in which all legislations should report to or link to. The idea is that the database should 
contain all chemicals on the market and under each chemical it should be listed what this chemical 
is used for, which legislations deal with this chemical - in what steps of its life cycle, which studies 
have been made with this chemicals and what they have showed, MoAs and chemical properties. 
Also, Mikkelsen (2012, pp. 6–7) suggests the relevance of reporting whether the chemical in 
combination with others have been shown to have synergistic effects, since these effects would be 
underestimated if CA was implemented as a default tool in the risk assessment of mixtures. If such 
a database existed it could be used to determine which simple mixtures pose the greatest hazard and 
act as a tool for focusing regulation of simple mixtures (Syberg et al., 2009, p. 1262).  
Which mixtures should be prioritized by the Water Framework 
Directive?  
Because of the great amount of mixtures in reality, any method to incorporate mixture assessment 
into a specific regulation needs a decision on priority setting (Bunke et al., 2014, p. 51). The 
chemicals, which we know pose a risk as single chemicals, will most likely also be the ones to pose 
a risk in mixtures. Examples of such chemicals are chemicals with properties such as persistence, 
bioaccumulative, toxic, carcinogenic, mutagenic, reprotoxic or endocrine disruptors and the 
chemicals with high production volumes. Resorcinol and propiconazole are both on the candidate 
list for potential endocrine disrupting chemicals and toxic for the aquatic environment (ECHA, 
2015j, 2015k; European Commission, 2015d, n. Annex I – Candidate list of 553 substances). 
Propiconazole is persistent in the environment and resorcinol is a high production volume chemical 
(ECHA, 2015f; Health Canada Pest Management Regulatory Agency, 2012, p. 6). Thus these 
criteria would cover both our case chemicals.  
In order to carry out risk assessments of mixtures, and thus be able to risk manage them, proper 
further risk assessment methods need to be developed to be able to account for the differences 
between doing risk assessments for individual chemicals and for mixtures. “This is an ongoing 
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process” – quote Ragas et al. (2011, p. 158). The accumulative exposure assessment and the 
identification of causal relations between exposure to mixtures and detected/predicted 
ecotoxicological effects might be one of the biggest challenges for risk assessment of mixtures. This 
is especially due to the great dynamics of chemicals’ concentrations in the environment and the 
chance of delayed effects (Backhaus et al., 2010, p. 13).  
In order to be able to risk assess and thereby manage mixtures, Syberg et al. (2009, p. 1266) states 
that scientific foundation regarding mixtures has to be solid, well documented and contain solutions 
which are practically manageable, and politically will to implement these solutions has to be 
present. In this study it has been argued that CA is able to protect against additive and antagonistic 
effects. Thus the scientific foundation seems available and practically manageable and thus we 
assess that what is needed in order for CA to be implemented into REACH and WFD as a first step 
in regulating mixture toxicity in the aquatic environment, is politically will. The intentional 
mixtures are already to some degree regulated in product specific regulations and this could be a 
good place to start. It is essential to gain knowledge of which chemicals are present in the aquatic 
environment and which chemical mixtures should be of priority – which chemical mixtures make 
up the most harmful combinations in order to use CA as a tool in evaluating both intentional and 
unintentional mixture effects (European Commission, 2012a, p. 1). Thus more monitor data is an 
important tool in order to assess which chemicals, and thereby which mixtures, are present in the 
aquatic environment (Bunke et al., 2014, p. 54; Connon et al., 2012, p. 12743; Syberg et al., 2009, 
p. 1270). These monitor data would be essential to incorporate in the suggested database, so that 
they could assist in order to focus monitor data on ecotoxicologically relevant chemicals (Syberg et 
al., 2009, p. 1269).  
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Final conclusion 
In order to answer our problem formulation, we found that mixtures of propiconazole and resorcinol 
pose a risk beyond that of the individual chemical, resorcinol, with a worst case underestimating the 
EC50 value of resorcinol in the 75:25 mixture 5.8-fold compared to the EC50 value of resorcinol in 
0:100 mixture. In regard to the assessment and management of unintentional mixtures such as 
resorcinol and propiconazole and their effects in the aquatic environment, we identified no 
legislations dealing with these.  
Our case study demonstrated that mixtures of propiconazole and resorcinol in mixture ratios of 
100:0, 75:25, 50:50, 75:25, 100:0 based on isoeffective concentrations resulted in mixture effects in 
the form of antagonistic effects. However based on our analysis of the EU legislations concerning 
resorcinol and propiconazole, this mixture and thus this kind of unintentional mixture (across 
legislations) are not risk assessed or managed within EU. 
Since the mixture effects are present and a risk above single toxicity levels are demonstrated, we 
conclude, based on our case study, that unintentional mixtures across legislations in general must be 
both assessed and managed. 
We suggest that MAF may be used as an additional tool in risk assessment if data are lacking, and if 
a proper MAF can be determined. Furthermore we propose the incorporation of CA as a default tool 
in environmental mixture risk assessment as a first priority to address the additive mixture effect 
and protect against antagonistic effects, with the second priority being to gain more knowledge on 
when synergism and antagonism will arise, and thus on a longer term being able to incorporate 
approaches for identifying these in mixture risk assessment.  
From the perspective of our case study in relation to the EU regulations, we suggest that REACH 
and the WFD are strengthened politically and that the cooperation and communication across 
legislations are promoted in order to be able to deal with unintentional mixtures across legislations. 
In this regard the WFD is suggested as a point of departure since this legislation is site-specific and 
thus has the advantage of focusing on relevant chemicals, which are actually present within specific 
ecosystems. An expanded central database in ECHA with all chemicals on the market, what the 
chemical is used for, which legislations deal with this chemical - in what steps of its life cycle, 
which studies have been made with this chemical and what they have showed, MoAs, chemical 
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properties and potential synergistic effects, is further proposed. Finally, incorporating more monitor 
data on which chemical mixtures are present in the aquatic environment is concluded to be essential 
in order to assist in selecting ecotoxicologically relevant chemicals for mixture risk assessment and 
management. 
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Appendix I 
Pilot experiments 
All graphs are with 95% prediction bands. 
Resorcinol 1 
Table 16 lists the concentration of resorcinol in the first pilot experiment with resorcinol in mM and µg/ml, respectively. 
Resorcinol [mM] 0 3.63·10-4 7.27·10-4 1.09·10-3 1.45·10-3 2.18·10-3 2.54·10-3 
Resorcinol [µg/ml] 0 0.2 0.4 0.6 0.8 1.2 1.4 
 
 
Figure 20: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentration. The error bars are standard deviations.  
From this graph it seems as if the top is around 1.45·10-3 mM and the bottom is around 3.63·10-4 
and 7.27·10-4 mM, thus for test 2 with resorcinol we focused on decreasing the upper concentrations 
and decreasing the ratio between the concentrations in order to get more points at the slope. 
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Resorcinol 2 
Table 17 lists the concentrations of resorcinol in the second pilot experiment with resorcinol in mM and µg/ml, respectively. 
Resorcinol [mM] 0 5.45·10-4 7.27·10-4 9.08·10-4 1.09·10-3 1.27·10-3 1.45·10-3 
Resorcinol [µg/ml] 0 0.3 0.4 0.5 0.6 0.7 0.8 
 
 
Figure 21: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
From this graph it seems as if the concentrations became too low and no top was reached. The slope 
on the other hand got more points on it. Thus for test 3 the same ratio was kept while the upper 
concentrations was increased and four more concentrations were added two in the bottom and two 
in the top in order to hopefully get a full dose-response curve. 
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Resorcinol 3 
Table 18 lists the concentrations of resorcinol in the third pilot experiment with resorcinol in mM and µg/ml, respectively. 
Resorcinol [mM] Resorcinol [µg/ml] 
0 0 
1.82·10-4 0.1 
3.63·10-4 0.2 
5.45·10-4 0.3 
7.27·10-4 0.4 
9.08·10-4 0.5 
1.09·10-3 0.6 
1.27·10-3 0.7 
1.45·10-3 0.8 
1.64·10-3 0.9 
1.82·10-3 1 
 
 
 
Figure 22: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
From this graph it seems as if the concentrations almost make a full dose-response curve but the top 
is still missing. Thus for test 4 the two lowest concentrations were removed and two concentrations 
were added in the high end instead. 
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Resorcinol 4 
Table 19 lists the concentrations of resorcinol in the fourth pilot experiment with resorcinol in mM and µg/ml, respectively. 
Resorcinol [mM] Resorcinol [µg/ml] 
0 0 
5.45·10-4 0.3 
7.27·10-4 0.4 
9.08·10-4 0.5 
1.09·10-3 0.6 
1.27·10-3 0.7 
1.45·10-3 0.8 
1.64·10-3 0.9 
1.82·10-3 1 
2.00·10-3 1.1 
2.18·10-3 1.2 
 
 
Figure 23: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
This graph showed a full dose-response relationship. Unfortunately pH, hardness and oxygen 
measurements after the 48 hours were not measured thus this test was made once more (test 5). 
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Propiconazole 1 
Table 20 lists the concentrations of propiconazole in the first pilot experiment with propiconazole in mM and µg/ml, 
respectively. 
Propiconazole [mM] 0 1.75·10-4 1.81·10-4 1.87·10-4 1.93·10-4 1.99·10-4 2.05·10-4 
Propiconazole [ng/ml] 0 300 310 320 330 340 350 
 
 
 
Figure 24: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
This graph shows that the concentrations from this test were too low to show an effect. Thus for test 
2 the concentrations were increased. 
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Propiconazole 2 
Table 21 lists the concentrations of propiconazole in the second pilot experiment with propiconazole in mM and µg/ml, 
respectively. 
Propiconazole [mM] 0 1.75·10-4 2.34·10-4 2.92·10-4 3.51·10-4 4.09·10-4 4.68·10-4 
Propiconazole [µg/ml] 0 0.3 0.4 0.5 0.6 0.7 0.8 
 
 
Figure 25: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
This graph shows that the concentrations from this test were also too low to show an effect. Thus 
for test 3 the concentrations were increased even more. 
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Propiconazole 3 
Table 22 lists the concentrations of propiconazole in the third pilot experiment with propiconazole in mM and µg/ml, 
respectively. 
Propiconazole [µg/ml] Propiconazole [mM] 
0 0 
0.3 1.75·10-4 
0.35 2.05·10-4 
0.45 2.63·10-4 
0.55 3.21·10-4 
0.65 3.80·10-4 
0.75 4.38·10-4 
0.85 4.97·10-4 
0.95 5.55·10-4 
1.05 6.14·10-4 
1.15 6.72·10-4 
1.25 7.31·10-4 
1.35 7.89·10-4 
1.45 8.47·10-4 
1.55 9.06·10-4 
1.65 9.64·10-4 
1.75 1.02·10-3 
1.85 1.08·10-3 
1.95 1.14·10-3 
2.05 1.20·10-4 
 
 
Figure 26: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
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This graph shows that the concentrations from this test were again too low to show an effect and 
only small tendencies could be spotted. Thus for test 4 the literature was once more investigated in 
order to find some more experiments made by others concerning propiconazole. Safety data sheets 
from VILLA crop protection (2010, p. 4), FMC Crop Protection (2012, p. 4) and Dyrup A/S (2010, 
p.3) were found which contained EC50 values for D. magna after 48 hours exposure:  2.89, 4.8 and 
10.2 µg/ml, respectively. Thus the concentrations for test 4 were made so they covered this whole 
concentrations span.    
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Propiconazole 4 
Table 23 lists the concentrations of propiconazole in the fourth pilot experiment with propiconazole in mM and µg/ml, 
respectively. 
Propiconazole [mM] Propiconazole [µg/ml] 
0 0 
5.84·10-4 1 
1.75·10-3 3 
2.92·10-3 5 
4.09·10-3 7 
5.26·10-3 9 
6.43·10-3 11 
7.60·10-3 13 
8.77·10-3 15 
9.94·10-3 17 
11.11·10-2 19 
 
 
Figure 27: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
This graph shows a dose-response relationship, but in order to get more points on the slope and a 
clearer top, the concentrations was increased a bit and the concentration ratio decreased. 
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Propiconazole 5 
Table 24 lists the concentrations of propiconazole in the fifth pilot experiment with propiconazole in mM and µg/ml, 
respectively. 
Propiconazole [mM] Propiconazole [µg/ml] 
0 0 
1.17·10-3 2 
2.34·10-3 4 
3.51·10-3 6 
4.68·10-3 8 
5.85·10-3 10 
7.01·10-3 12 
8.18·10-3 14 
9.35·10-3 16 
1.05·10-2 18 
1.17·10-2 20 
1.29·10-2 22 
 
 
Figure 28: The graph shows the average number of immobilized daphnia per treatment along with increasing log 
concentrations. The error bars are standard deviations. 
This graph also seems to miss a clear top thus the concentrations in test 6 were increased once 
more. 
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Appendix II  
Temperature and light measurements  
Resorcinol  
 
Figure 29: The graphs show the temperature (left) and light (right) measures from two loggers along with time after 
experimental initiation for the final dose-response experiment with resorcinol. 
Propiconazole 
 
Figure 30: The graphs show the temperature (left) and light (right) measures from two loggers along with time after 
experimental initiation for the final dose-response experiment with propiconazole. 
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Mixture 50:50 
 
Figure 31: The graphs show the temperature (left) and light (right) measures from two loggers along with time after 
experimental initiation for the mixture 50:50 experiment. 
Mixture 25:75 & 75:25 
 
Figure 32: The graphs show the temperature (left) and light (right) measures from two loggers along with time after 
experimental initiation for the mixture 25:75 and 75:25 experiments. 
The measures from the two loggers deviate with approximately between 0.4 and 2 degrees and 
approximately between 300 and 1000 lux in Figure 29, Figure 30, Figure 31 and Figure 32. The 
reason for this is that logger 1 in general was placed closer to the lamps, which also gave off some 
heat. Beside from this difference between the logger measurements the graphs show a stable 
temperature deviating with less than one degree and stable light fluctuations increasing and 
decreasing within the same range. It is though strange that neither of the light measurements reach 0 
“at night”. However since the fluctuations are reasonable stable and we have checked whether the 
light had turned on and off during day/night respectively, we assume that the light has been on and 
off in a 16/8 circle as the time watch was sat to and thus the light loggers may have measured wrong 
according to the fact that it never reached zero. 
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Appendix III 
Oxygen, hardness & pH measurements 
Resorcinol 
Table 25 lists the pH, oxygen and hardness measurements in the beginning (0 hours) and at the end (48 hours) of the 
experiment. The pH sensitivity was 96.24% and 99.7% for the two measurements, respectively.  
Time Nominal concentrations pH Oxygen [mg/ml] Hardness CaCO3 
[mg/L]  
0 hours [1.2 μg/ml] 7.69 7.1 192.3 
[0 μg/ml] 7.79 7.1 202.3 
48 hours [1.2 μg/ml] 7.88 6.9 209.8 
[0 μg/ml] 8.05 7.1 202.3 
Propiconazole 
Table 26 lists the pH, oxygen and hardness measurements in the beginning (0 hours) and at the end (48 hours) of the 
experiment. The pH sensitivity was 96.3 % and 97% for the two measurements, respectively. 
Time Nominal concentrations pH Oxygen [mg/L] Hardness 
CaCO3 [mg/L]  
0 hours [29 μg/ml] 7.61 6.8 202.3 
 [0 μg/ml] 7.71 6.6 197.3 
48 hours [29 μg/ml] 6.46 6.7 212.3 
 [0 μg/ml] 6.59 6.7 204.8 
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Mixture 75:25 
Table 27 lists the pH, oxygen and hardness measurements in the beginning (0 hours) and at the end (48 hours) of the 
experiment. The pH sensitivity was 92.6 % and 96.6% for the two measurements, respectively. 
Time Nominal concentrations pH Oxygen [mg/L] Hardness 
CaCO3 [mg/L]  
0 hours [20 μg/ml] 8.24 7.3 187.3 
[0 μg/ml] 8.51 7.3 187.3 
48 hours [20 μg/ml] 8.13 7.1 174.8 
[0 μg/ml] 8.24 7.2 199.8 
Mixture 50:50 
Table 28 lists the pH, oxygen and hardness measurements in the beginning (0 hours) and at the end (48 hours) of the 
experiment. The pH sensitivity was 99.7 % and 99% for the two measurements, respectively. 
Time Nominal concentrations pH Oxygen [mg/L] Hardness 
CaCO3 [mg/L]  
0 hours [20 μg/ml] 6.47 6.6 199.8 
[0 μg/ml] 6.48 6.7 192.3 
48 hours [20 μg/ml] 6.61 6.8 217.3 
[0 μg/ml] 6.43 6.6 212.3 
Mixture 25:75 
Table 29 lists the pH, oxygen and hardness measurements in the beginning (0 hours) and at the end (48 hours) of the 
experiment. The pH sensitivity was 92.6 % and 96.6% for the two measurements, respectively. 
Time Nominal concentrations pH Oxygen [mg/L] Hardness 
CaCO3 [mg/L]  
0 hours [20 μg/ml] 8.10 7.3 142.3 
[0 μg/ml] 8.51 7.3 187.3 
48 hours [20 μg/ml] 8.06 6.8 167.3 
[0 μg/ml] 8.24 7.2 199.8 
 
